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Abstract 
An investigation into the effect of hypoxia in the uterus: Does 
hypoxic preconditioning occur? 
During labour, the uterus experiences transient and repeated hypoxic episodes as contractions 
occlude uterine blood vessels. Despite this, uterine contractions are maintained, their strength 
gradually increases and labour progresses. The effect of repeated episodes of transient hypoxia on 
uterine contractility has not been previously investigated and in my study I investigate the 
hypothesis that multiple transient hypoxic episodes can increase the contractile activity in a 
pregnant rat uterus near term. Uterine strips were dissected and mounted in organ baths, bubbled 
with Hepes-buffered, oxygenated physiological saline solution for isometric force recording. The 
effects of repeated episodes of transient hypoxia (2, 5 or 10min) were studied by replacing the O2 
for N2. Hypoxia abolished or significantly reduced the force of uterine contractions in a term-
pregnant rat. Upon re-oxygenation, contractile activity was gradually and significantly increased 
after repeated episodes of transient hypoxia (i.e. similar to “hypoxic preconditioning”), an effect that 
was most pronounced after 2mins hypoxia. The increased strength of uterine contractions during 
re-oxygenation periods required the PO2 to be below 10% in the tissue bath during hypoxia. The 
increase in contractile activity during re-oxygenation was not transient; I found it could be 
maintained for 11 hrs. During oxytocin stimulation, the response was larger than during 
spontaneous activity. Moreover, to determine if the response was confined to term-pregnant rats, I 
examined the effect on rat uteri from different gestations (non-pregnant, 18-day pregnant and 
labouring). The rebound increase in uterine contractility was not seen in non-pregnant and day 18 
pregnant rats with repeated hypoxic episodes, but was present in the labouring rat uterus. 
Interestingly, data from human uterine biopsies showed the significant rebound increase in 
contractile activity after the first hypoxic episode in all labouring samples and in one non-labouring 
sample that was very close to term. These data suggest that hypoxic preconditioning is gestational 
dependent in both rats and human uteri. To investigate if changes in intracellular calcium were 
involved in the rebound increase in force, indo-1 loaded myometrial strips from term-pregnant rats 
were studied. My data showed that initial hypoxia increases the basal [Ca2+]i , but with repeated 
hypoxia the overall [Ca2+]i decreased gradually suggesting that the increase in contractility was not 
due to increased [Ca2+]i . In addition, no increase in Ca
2+ transients was apparent. Together this 
may suggest increased sensitivity of contractile machinery to calcium.  I found that other 
mechanisms are likely to be responsible for the increase in contractile activity during hypoxic 
preconditioning.  Repeated episodes of external acidosis were found to partly increase the uterine 
activity. Hypoxia and no flow resulted in an even larger rebound contractile activity than hypoxia 
alone.  I found, also, that blocking adenosine receptors, particularly A1, abolished the protective 
effect induced by hypoxic episodes.  Repeated episodes of ATP agonist was also found to 
increase uterine activity in the term-pregnant uterus and blocking P2X7 receptors completely 
abolished ATP-increased uterine activity. I also found that blocking prostaglandin biosynthesis can 
block the beneficial effects induced by transient hypoxic episodes in a term-pregnant uterus.  
Together, these mechanisms which lead to adaptive responses during repeated episodes of 
transient hypoxia are brought about by multiple changes in the external and internal environment 
during hypoxic episodes and any defect in any of these mechanisms will prevent the adaptive 
response to the transient hypoxic episodes. This in turn may have consequences for the progress 
of human labour.
1 
 
Chapter 1  
                              General Introduction 
 
1.1 The Uterus 
Successful labour is controlled by the coordinated activity of the uterus. If however, 
this activity becomes too weak or strong, normal labour may not be progressed.  
Consequently, many physiologists and researchers have considerable interest in the 
mechanisms that control this and therefore, there is growing research to gain a better 
understanding of how the uterine activity is modulated and controlled. 
 
1.1.1    Anatomy of the Uterus 
The uterus is a part of the female reproductive system. It is a hollow, thick-walled 
and pear-shaped muscular organ that is situated deep within the pelvic cavity between the 
urinary bladder and the rectum. The upper part of the uterus opens into the uterine tubes 
and the lower part narrows where it becomes continuous with the cervix. Anatomically, it is 
divided into three regions:  the fundus (the top part of the uterus that lies above the 
uterine tubes), the body (between the fundus and the cervix) and the cervix (Figure 1-1). 
The uterus has important functions as it provides a suitable environment for 
reception and retention of the fertilized ovum. It also provides nutrition and protection to 
the developing embryo and foetus during pregnancy, and produces muscular contraction 
to expel it during labour.  There are basic morphological differences that exist among the 
uteri of different species. Rats and other rodents have a duplex uterus that has two horns 
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and terminate at the cervix (Figure 1-2). In the human, there is only a single large uterus 
that can be described as simplex (Figure 1-1). Despite these morphological differences, 
mammalian uteri share a typical similar region and structural morphology, which can be 
divided into three major layers; the endometrium (the interior mucous layer that lines the 
body of the uterus), the myometrium (the middle thick muscular wall that is made up of 
smooth muscle cells) and the perimetrium (the outermost serosal layer of the uterus) 
(Figure 1-1). 
The endometrial layer (or decidua during pregnancy) is a non-excitable region, 
which is rich in cytokine hormones and peptides which could directly or indirectly affect 
uterine contractility. 
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Figure 1-1: The anatomical structure of the human uterus. 
Adapted from Fundamentals of Anatomy and Physiology, (9th edition) Martini 
Nath and Bartholomew 
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Figure 1-2: Typical structure of rodent uterus and blood 
vessels. 
The uterus in rat and rodents is duplex which has two horns 
terminating in one cervix. Adapted from (Osol and Mandala 2009).
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1.1.1.1 Uterine Blood Supply 
 The main arterial blood supply to the whole uterus is through the uterine artery; a 
major branch of hypogastric or internal iliac artery on each side. The uterine artery runs 
medially along the base of broad ligament to reach the cervix at the level of internal os. It 
then ascends along the anterior and posterior lateral margin of the uterus, running a 
tortuous course and ends by anastomosing with the ovarian artery. The branch to the 
uterus penetrates deep through the myometrium to give off arcuate arteries. These 
arteries disperse further branches to radial arteries and then terminate in the spiral 
arteries, which supply the endometrial layer, decidua, and the placenta during pregnancy 
(Figure 1-3). 
 During pregnancy the uterine vasculature is characterized by a combination of 
hypertrophy and hyperplasia (Cipolla and Osol 1994), with the diameter of a human 
uterine artery doubling in size during pregnancy (Palmer, Zamudio et al. 1992).  This 
increase in diameter was also noted in different species such as sheep (Griendling, Fuller 
et al. 1985) , rats (Nienartowicz, Link et al. 1989), and guinea-pigs (Keyes, Majack et al. 
1997). Due to the position of the uterine artery and the course it runs through the uterus, 
contraction of the myometrium will compress the uterine vessels and reduce the blood flow 
to the myometrium (Greiss Jr 1965; Brinkman 1990), hence; local hypoxia /ischaemia to 
the uterus can be induced, thus resulting in pH and metabolite changes. Typically, the 
venous drainage of the uterus corresponds similarly to the arterial blood supply.  
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Figure 1-3:  A sectional view showing the circulatory blood vessels supplying the 
human uterus and how the uterine artery and its branches penetrate through the 
myometrium. 
The primary blood supply to the uterus is through the uterine artery, a major branch from 
internal iliac artery. Once it reaches the uterus, it runs a tortuous course along the lateral 
margin of the uterus which provides branches to the cervix and gives off branches to arcuate 
arteries which are usually paired. The arcuate arteries traverse and supply the myometrium 
and give off further branches to radial arteries which supply the inner two-thirds of the uterine 
wall. The radial arteries terminate in spiral arteries which supply the endometrial layer, decidua 
and placenta during pregnancy.  Adapted from Fundamentals of Anatomy and Physiology, (9th 
edition) Martini Nath and Bartholomew. 
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1.1.2      Structure of the Myometrium 
The uterus is a myogenic organ, meaning that the smooth muscle contained within 
it can contract spontaneously without any neural or hormonal input (Wray 1993). The 
contraction of the uterus is mainly produced by the myometrium which is mostly composed 
of smooth muscle cells.  
In duplex uteri, such as in rodents, the myometrium consists of two distinct layers; 
the outer longitudinal and the inner circular smooth muscle layers that are separated by 
the stratum vascularis, which contains primarily large blood vessels. The bundles of 
longitudinal muscle layers are running down along the long axis of the uterus, whereas, 
the bundles of circular muscle layers are arranged concentrically around the longitudinal 
axis of the uterus. However in humans, simplex uterus is found where the musculature is 
less defined and the myometrium is more complex. It often has four or five distinct layers, 
which can be more visible during pregnancy,  the fasciculus layer (consisting of myocyte 
and connective tissue), the cylindric bundles (consisting of densely packed myocytes), 
sheet-like bundle (consisting of densely packed sheet of myocytes), fibre bundle 
(consisting of  loosely packed and few myocytes), and communicating bridge ( consisting 
of large bridges adjacent to fascicule) (Young and Hession 1999). 
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1.1.2.1 Ultrastructure of Uterine Myometrium 
 Smooth muscles of the uterus are long spindle-shaped cells with tapering ends 
having a single oval nucleus (Broderick and Broderick 1990). They are typical of any other 
smooth muscle cells and they range from 5 to 10 µm in diameter and from 300 to 600 µm 
in length (Broderick and Broderick 1990). The smooth muscles occupy more than 90% of 
total cell volume in the uterus (Dawson and Wray 1985), and they are embedded in a 
matrix of connective tissue containing elastin, collagen, glycoproteins, and proteoglycans, 
and these elements of connective tissue are thought to contribute to the distribution of 
force development during uterine contraction (Broderick and Broderick 1990). The 
myometrium contains thin actin and thick myosin filaments which are found in long and 
random bundles throughout the cell (Broderick and Broderick 1990). This arrangement will 
help the uterine smooth muscles to generate multidirectional contractions during labour 
irrespective of the position or lie of the foetus. 
Contraction of the myometrium will shorten the uterus and decrease the size of the 
uterine cavity. For coordinated contractions of myometrium to occur, the cells have to 
function in a syncytium manner with a large number of gap junctions facilitating the rapid 
spread of electrical impulses between them. The number of gap junctions between 
myometrial cells is increased and upregulated during the last stage of pregnancy owing to 
the preparation for coordinated and strong contractions during labour (Garfield, Sims et al. 
1977; Miyoshi, Boyle et al. 1996). 
 The plasma membrane of uterine myocyte shows a typical trilaminar appearance 
and measures 8 nm in thickness common to all other eukaryotic cells.  The membrane has 
structural specialization in the form of several inpocketings, known as caveolae. These 
flask-shaped cell membrane invaginations, are found to be abundant in smooth muscle 
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cells (Taggart 2001; Gherghiceanu and Popescu 2006), and they can increase the surface 
area by about 70% (Broderick and Broderick 1990). The uterine caveolae are also 
involved in a number of signalling pathway in the myometrium (Turi, Kiss et al. 2001; 
Smith, Babiychuk et al. 2005). 
 Muscle fibres (myofilaments), intermediate filaments, and dense bodies occupy 
about 80-90% of the cell volume with the remaining 10-20% space occupied by the 
nucleus and other important cellular organelles such as  mitochondria, sarcoplasmic 
reticulum (SR), Golgi apparatus, microtubules, etc. (Broderick and Broderick 1990; Jain, 
Saade et al. 2000).  
 
1.1.2.2 Sarcoplasmic Reticulum (SR) 
The smooth muscle contains a well-developed sarcoplasmic reticulum organelle 
that occupies from 1.5 to 7.5 % of the smooth muscle volume (Somlyo 1985), and consists 
of a network of tubules and flattened cisternae within the muscle cytoplasm (Jain, Saade 
et al. 2000). The myometrium possesses sarcoplasmic reticulum (SR) extending 
throughout the myometrium, and they are found in abundance around the nucleus and 
very close to the myometrial membrane (Wray and Shmygol 2007). 
The major known function for SR, is to store and release calcium (smooth SR) and 
to synthesize proteins (rough SR) (Jain, Saade et al. 2000). The SR in myometrium is very 
sensitive to inositol 1, 4, 5 triphosphate (IP3), and it has been shown that IP3 is able to 
induce myometrial contractions in skinned myometrium (Savineau, Mironneau et al. 1988).  
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1.1.2.3 Mitochondria 
 Mitochondria are intracellular organelle that occupy 3 to 9% of smooth muscle cell 
volume, and are located either scattered throughout the cytoplasm or near the nuclear 
pole (Broderick and Broderick 1990). Mitochondria are the main site for oxidative 
phosphorylation metabolism in all cells, including the uterus (Broderick and Somlyo 1987; 
Clark, Kuznetsov et al. 1997). 
 Mitochondria have a high capacity and low affinity calcium storage site (Taggart and 
Wray 1998). They can remove the calcium from the cytoplasm and may have a role in 
calcium signalling. It has been noted that there was a preferential coupling of calcium 
transport from the SR to the mitochondria as the SR was located in a very close proximity 
to mitochondria, in rat cardiac myocytes (Sharma, Ramesh et al. 2000). In smooth muscle, 
it has been proposed that mitochondria may have a role in regulating intracellular calcium 
[Ca2+]i during normal contraction (Gravina, Parkington et al. 2010) and under hypoxic 
condition (Ward, Snetkov et al. 2004). 
 
1.2   Myometrial Cell Excitability  
1.2.1    An Overview 
 Uterine smooth muscle cells are spontaneously active (myogenic); being able to 
produce regular contractions without any stimulation (Wray 1993). Like any visceral 
smooth muscle cells, the contraction of uterine smooth muscle is phasic in nature, showing 
cycles of discrete intermittent contractions of varying amplitude, duration, and frequency. 
These contractions are relatively short lasting and fast with relaxation periods between 
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them. The free intracellular calcium concentration is a key regulatory factor for uterine 
contraction. Contraction is fundamentally controlled and triggered by a transient increase 
in intracellular calcium [Ca2+]I, which is initiated and controlled by uterine action potential 
(Shmigol, Eisner et al. 1998; Matthew, Shmygol et al. 2004). Uterine contractions can be 
modulated by several factors and agonists that affect their amplitude, duration, and 
frequency (Wray 1993). 
 
1.2.2      Electrical Activity and Membrane Potential  
 The spontaneous electrical activity of uterine myocytes is characterized by cycles of 
depolarization and repolarization that occur within uterine plasma membrane, and known 
as action potential (Kao 1977). As uterine smooth muscle is spontaneously active, 
changes in membrane potential are necessary for the contraction to occur. Contraction is 
primarily dependent on the generation of action potential, a transient rise in intracellular 
calcium, and the presence of contractile bodies and a conducting system between uterine 
cells (Garfield, Sims et al. 1977). However,  part of these values can be determined by 
species type and also may depend on gestational state of the myometrium (Parkington, 
Tonta et al. 1999).  
When there is no or minimal change of membrane potential, the membrane can be 
considered at resting potential, or even if there is a minimal movement of ions across the 
plasma membrane. The resting membrane potential (Vm), of uterine myocytes, has been 
recorded, and estimated to be between -45 and -55 mV (Nakajima 1971; Pressman, 
Tucker Jr et al. 1988; Inoue, Nakao et al. 1990), and more negatively charged inside the 
cell (resting membrane potential). The potential is controlled and generated by the uneven 
distribution of ions in the extracellular and intracellular milieu (Wray 1993). It has been 
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shown, in pregnant rat myometrium that, during day 14 of pregnancy, the resting 
membrane potential was -57 mV and, decreased significantly to -47 mV at day 20 of 
pregnancy, suggested that the density of potassium channels decreased during the late 
gestation (Sugawara 1996).  
 Similar to most any other excitable tissue, the excitability of uterine smooth muscle 
is largely determined by the movement of Na⁺, Ca²⁺ and Clˉ ions into the cytoplasm and 
the movement of K⁺ into the extracellular space. The former three ions have been found to 
be concentrated outside the uterine myocytes, whereas, the latter are concentrated inside 
the myometrial cytoplasm (Sanborn 1995). The plasma membrane is normally more 
permeable to K⁺ ion, which moves it down its concentration and electrochemical gradients 
(i.e. from extracellular to intracellular space); hence electrical potential inside the myocytes 
is created (Jain, Saade et al. 2000). 
 The uterine myocyte is a myogenic being able to contract spontaneously and 
generate slow wave, simple, and complex action potential (Khan, Matharoo-Ball et al. 
2001). The basic mechanism for this myogenic activity is the spontaneous depolarization 
of pacemaker cells in uterine myocyte. Any individual uterine myocyte can display 
pacemaker activity, however it is not anatomically fixed or confined to specific specialized 
cells, as in cardiac myocytes (Marshall 1962; Wray 1993), and so far, it is not clear why 
some uterine cells should become pacemaker. The resting membrane potential of 
pacemaker cells is low making them more excitable compared to non-pacemaker cells 
(Lodge and Sproat 1981). Furthermore, non-pacemaker regions can become pacemaker 
by stimulating them with different agonists such as oxytocin and prostaglandin and not by 
membrane depolarization using high K+ solution (Lodge and Sproat 1981). 
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 As term approaches, the resting membrane potential gradually becomes more 
positive and the generation of action potential threshold is reached (Khan, Matharoo-Ball 
et al. 2001). The spike-type or plateau-type action potential has been observed in term-
pregnant human uterine smooth muscle, and this change in action potential pattern is 
critical in regulating frequency, amplitude and duration of uterine contraction 
(Kawarabayashi, Kishikawa et al. 1986). Furthermore, as parturition progresses, the 
activity of the uterus becomes regular, synchronized, and coordinated, and this synchrony 
is due to the increase in gap junction between the adjacent cells, which facilitates the rapid 
spread of electrical activity between the cells, thus producing forceful and coordinated 
contractions. 
 
1.2.3      Potassium Channels  
As with most excitable tissues, the resting membrane potential of uterine myocytes 
is predominantly set by K⁺ conductance of cell membrane (Parkington and Coleman 1988; 
Parkington, Tonta et al. 1999). The principal functions of potassium channels are to 
dampen the excitability of the cell membrane, terminating the action potential, and 
returning the membrane potential to resting state. That is, depolarization can be opposed 
by generation of outward K⁺ current, leading to repolarization or hyperpolarization, thereby 
terminating the action potential and aiding uterine relaxation (Khan, Matharoo-Ball et al. 
2001). 
 A number of different subtypes of potassium channels have been identified in the 
smooth muscle cells. These include calcium-activated potassium channels (KCa), voltage-
gated potassium channels (Kv), ATP-sensitive potassium channels (KATP), and inward-
rectifying potassium channels (KIR). 
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1.2.3.1 Calcium-Activated Potassium Channels (Kca) 
Three subclasses of calcium-activated potassium channels have been identified in 
smooth muscle: large or big conductance (BKCa), intermediate-conductance (IKCa), and 
small-conductance (SKCa) potassium channels. Of these, the BKCa channel is the most 
predominant, and the most extensively studied channel in smooth muscle cells, including 
the myometrium. The BKCa channels, are the most characterized potassium channel 
encounter in pregnant (Anwer, Oberti et al. 1993; Khan, Smith et al. 1997) and non-
pregnant human myometrium (Tritthart, Mahnert et al. 1991; Perez, Toro et al. 1993). 
During normal pregnancy, the BKCa channels are activated by the level of raised 
intracellular Ca2+, which can then dampen the membrane excitability, and thereby maintain 
uterine quiescence throughout pregnancy (Anwer, Oberti et al. 1993; Khan, Smith et al. 
1993).  
Moreover, blocking BKCa channels with ibiriotoxin or Tetraethyl Ammonium Chloride 
(TEA), elicits some increase in force and frequency of uterine contractions, suggesting that 
at least a proportion of these channels is active under physiological condition (Anwer, 
Oberti et al. 1993; Khan, Smith et al. 1997). The mechanism underlying ion channel 
function in relation to labour has not been fully understood. However,  Khan et al. (1993, 
1997), reported that BKCa channels might lose their sensitivity to Ca
2+ and voltage 
dependence with the onset of parturition, resulting in a disability of the link between BKCa 
and Ca2+ and therefore making the myometrium more excitable (Khan, Smith et al. 1993; 
Khan, Smith et al. 1997).  
Furthermore, down regulations of mRNA and protein for α-BKCa channels were 
observed in rat uterine myocytes at term, suggesting enhanced membrane excitability 
(Song, Zhu et al. 1999). In addition to their regulation by [Ca2+]i and voltage, BKCa channels 
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may also be modulated by protein kinase activity (such as PKC, PKA, and PKG) by tuning 
their sensitivity to calcium and voltage; PKC inhibits, whereas either PKA or PKG activates 
the BKCa channels in smooth muscle (Schubert and Nelson 2001). 
Another two subtypes of KCa channels; intermediate-conductance (IKca), and small-
conductance (SKCa) channels are less studied and have not been investigated in detail in 
human myometrium. 
1.2.3.2 ATP-Sensitive Potassium Channels (KATP) 
 KATP channels, were initially discovered in cardiac myocytes after its closure in 
response to high intracellular concentration of ATP [ATP] i (Noma 1983). Their main vital 
role is to couple the cellular metabolism to the membrane excitability. It has been shown 
that KATP channel activator can inhibit human uterine contractility (Morrison, Ashford et al. 
1993), and the effect is more pronounced in non-pregnant compared to pregnant 
myometrium (Cheuk, Hollingsworth et al. 1993; Downing and Hollingsworth 1993). The 
activity of KATP channels can be augmented by metabolic inhibition and hypoxia, and the 
effect is partially impacted when antagonists block KATP channels. (Heaton, Wray et al. 
1993). 
 KATP channels are not solely regulated by the concentration of intracellular ATP or 
the ratio of ATP/ADP but also can be regulated by pH i (Wang, Wu et al. 2003), PKA 
(Quinn, Giblin et al. 2004), and PKC (Jae Yeoul, In Deok et al. 2001). In rat myometrium, 
KATP channels are composed of Kir6.1 and SUR2B subunits. Recent work has shown that 
the expression of KATP channel subunits Kir6.1 and Kir6.2 is down-regulated at the onset of 
labour, which may contribute to the enhanced membrane contractility (Xu, You et al. 
2011). 
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1.2.4     Voltage-Gated Calcium Channels (VGCCs)  
 VGCCs, as the name suggests, are activated mainly by changes in membrane 
potential. Two major VGCCs have been identified and expressed in the myometrium; L-
type (“L’’ for long-lasting) and T-type (“T’’ for transient) calcium channels (Sanborn 2000).  
Both L-type and T-type calcium currents have been reported in human myometrium 
(Young, Smith et al. 1993; Parkington and Coleman 2001; Blanks, Zhao et al. 2007). 
Small depolarization is required for T-type calcium channel to be activated and it is 
known to have low-voltage activation and it is slowly deactivated. It has been reported that 
T-type calcium channel is expressed in pregnant rat myometrium and thought to have a 
role in regulating the frequency of spontaneous phasic uterine contractions (Lee, Ahn et al. 
2009). 
The L-type calcium channel, is a hetero-oligomeric complex of protein consisting of 
five subunits (α1, α2, β, γ and δ), which form a water-soluble pore in cell membrane 
(Klöckner, Mikala et al. 1996; Serysheva, Ludtke et al. 2002). The α1 subunit forms the 
ion-conducting pore and has the characteristic functional and pharmacological properties 
of calcium channel ion permeability; voltage sensing and agonist binding, whereas α2, β, γ 
and δ are auxiliary subunits. 
  The L-type calcium channel is the major channel for calcium entry pathway in 
smooth muscles, including the myometrium. Moreover, blocking the L-type calcium 
channel with its specific blocker nifidipine, inhibits spontaneous uterine contractions (Wray, 
Kupittayanant et al. 2001; Wray, Jones et al. 2003), suggesting that, it is the major source 
of calcium entry. During membrane depolarization, L-type calcium channel opens resulting 
in calcium influx and initiation of uterine activity.  Agonists can also open L-type Ca 
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channel either directly or indirectly without depolarizing the membrane through GTP- 
binding proteins (Wray 1993).  
 
1.2.5     Chloride (Clˉ) Channels  
 Chloride (Clˉ) channels are integral membrane proteins, which are responsible for 
selective movement of Clˉ ions across the cell membrane. Studies have confirmed the 
presence of Clˉ  channels in a variety of smooth muscle cells (Pacaud, Loirand et al. 1991; 
Klockner 1993; Hogg, Wang et al. 1994; White, Elton et al. 1995; Kotlikoff and Wang 
1998), including the myometrium (Arnaudeau, Lepretre et al. 1994; Yarar, Cetin et al. 
2001; Adaikan and Adebiyi 2005).   
  In smooth muscle cells, two chloride channels have been reported; a calcium-
activated chloride channel (ClCa) and a volume-regulated chloride channels (ClVR) (Nelson, 
Conway et al. 1997; Shi, Wang et al. 2007). These chloride channels can be activated by 
different mechanisms including changes in [Ca2+]i, cAMP, pH, extracellular ligands, cell 
swelling or a combination of any of these mediators. 
 
1.2.5.1  Calcium-Activated Chloride Channels (ClCa) 
 Calcium-activated chloride channels (ClCa), are a class of ligand-gated anion 
channels that are regulated mainly by intracellular calcium concentration in different cell 
types including cardiac, skeletal, neurons and smooth muscle cells. They are normally 
closed at resting free [Ca2+]i ~ 100nM/L in most cell types, and generally they have been 
considered as excitatory, providing triggers for signal transduction (Leblanc, Ledoux et al. 
2005). 
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Under physiological conditions, activation of ClCa, results in chloride efflux which 
then provokes membrane depolarization (Graves, Greenwood et al. 2000). This will then 
open VGCCs, and subsequently lead to calcium influx and initiation of contraction.  On the 
other hand, inactivation of ClCa channels results in membrane repolarisation and inhibition 
of both calcium entry and contraction. Interestingly, it has been found, in pregnant rat 
myometrium, that the specific ClCa channel blocker (Niflumic acid), could inhibit and 
decrease the spontaneous and oxytocin-induced contractions, respectively in a time-
dependent manner (Adaikan and Adebiyi 2005). It has also been reported, that ClCa 
channels play a significant role in spontaneous activity of uterine smooth muscle (Yarar, 
Cetin et al. 2001) and agonist-induced contraction in both vascular (Criddle, Soares De 
Moura et al. 1996; Lamb and Barna 1998) and non-vascular smooth muscle cells 
(Scarparo, Santos et al. 2000). Moreover, there is an evidence to suggest that calcium-
activated chloride channels (ClCa) contribute functionally to a membrane potential and firing 
frequency (pacemakers) in pregnant rat myometrium (Jones, Shmygol et al. 2004). These 
studies suggest the essential role of ClCa channels in uterine activity. 
 
1.2.5.2 Volume-Regulated Chloride Channels (ClVR) 
 Interestingly, studies have reported that blocking the volume-regulated chloride 
(ClVR) channels, resulted in a dilation and hyperpolarisation of myogenically active rat 
cerebral arteries, suggesting the vital role of these channels in regulating the tone and the 
resting membrane potential (Nelson, Conway et al. 1997). During normal metabolism, 
water entering the cell is coupled to amino acid uptake, which can result in an increase of 
cell volume (swelling). This can evoke regulatory volume decrease (RVD) process by the 
activation of  K+ and Cl- channels resulting in efflux of K+ and Clˉ and water (Zhou, Ren et 
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al. 2005). It has been found that, the primary mechanism by which cell volume return to 
normal size is via Clˉ efflux through ClVR channels (Eggermont, Trouet et al. 2001). 
 Although there is a limited evidence for the presence of ClVR in myometrium, it is 
established that, pregnancy is associated with an increase in cell volume (hypertrophy) 
and ClVR may mediate this swelling. 
As ClCa channels are found in pregnant myometrium and are involved in the 
depolarization and maintenance of force, I blocked these channels with the relatively 
specific ClCa channels antagonist (Niflumic Acid) in some work within this thesis.  
 
1.3    Purinergic Receptors (Purinoceptors)  
In general, there are two major types of purinoceptors. These receptors were classified by 
Burnstock (1978) as P1 which is more responsive to adenosine nucleotide and P2 which is 
more responsive to ATP (Burnstock 1978). 
 
 Adenosine Molecule 
Adenosine is an endogenous signalling nucleotide that regulates numerous 
physiological and patho-physiological cellular functions when binding to its discrete 
receptors on the plasma membrane (Fredholm, Ijzerman et al. 2001).  The major route of 
adenosine production is from the release and catabolism of adenine nucleotides following 
cellular stress or injury (Blackburn, Vance et al. 2009). 
Intracellular adenosine can be produced by breakdown of adenosine 5’-phosphate 
(AMP, ADP, and ATP) - a reaction involving 5’-nucleotidase. However, extracellular 
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adenosine can be produced either by fast nucleotide hydrolysis catalyzed by ecto-ATPase, 
ecto-ADPase, and ecto-5’ nucleotidases (Zimmermann, Braun et al. 1998) or it can be 
released from the intracellular pool (Figure 1-4). Intracellular free adenosine does not 
diffuse freely across the cell membrane, but  can be transported outside the cell by means 
of nucleoside transporters such as equilibrative nucleoside transporter (ENT)  (Gray, 
Owen et al. 2004; Blackburn, Vance et al. 2009; Jacobson 2009). 
 Adenosine is normally metabolised in two ways, either phosphorylation by 
adenosine kinase enzyme to form AMP inside the cell (Spychala, Datta et al. 1996) or 
degradation to inosine by the action of adenosine deaminase enzyme (Blackburn and 
Kellems 1996) (figure 1-4). The concentration of free intracellular and extracellular 
adenosine is related to the energy consumption. It has been found that the concentration 
of resting extracellular adenosine is in the range of 40-460nM (Ballarin, Fredholm et al. 
1991), and this can be increased during mechanical stress such as muscular activity and 
during pathophysiological conditions such as hypoxia or ischaemia, where the 
concentration of extracellular adenosine can reach 10 µM or higher (Hagberg, Andersson 
et al. 1987; Dux, Fastbom et al. 1990). 
 
1.3.1      P1 Receptors (Adenosine Purinoceptors) 
Adenosine exerts its effect by binding to its specific receptors located on plasma 
membrane. Four subtypes of adenosine receptors have been cloned and identified (A1, 
A2A, A2B, and A3)(Fredholm, Ijzerman et al. 2001). These receptors belong to the 
superfamily of G-protein coupled receptors (GPCRs).  
 The subtypes of adenosine receptors are distinguished based on their affinity to 
adenosine molecule, G-protein coupling and signalling cascades, and pharmacological 
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profiles (Blackburn, Vance et al. 2009). The physiological effects of adenosine depend on 
the cell type and the receptor subtype activated, which mediate the intracel lular signalling 
pathways responsible for specific cellular function. The A1 and A3 receptors are coupled to 
Gi to inhibit adenylyl cyclase (AC) and thereby the production of cyclic adenosine 
monophosphate (cAMP). The adenosine A2 receptors (both A2A, A2B) are generally 
coupled to Gs  or Go to stimulate AC (Fredholm, Ijzerman et al. 2001).  
 
 Activation of A1R by its specific A1 agonist can lead to the activation of numerous 
effector systems in the cell. One of the most important effectors is inhibition of adenylyl 
cylase (AC) activity thereby decreasing the cAMP levels,  and activation of phospholipase 
C (PLC) (Linden 1991; Fredholm, Ijzerman et al. 2001). Furthermore, activation of A1R can 
lead to either calcium influx or potassium efflux (Jacobson 2009). 
   A1R subtype has been found in both human (Tsai, Chiang et al. 1996) and guinea 
pig myometria (Smith, Buxton et al. 1988), and its activation causes contraction of 
myometrium. Adenosine-mediated contractions in the pregnant guinea pig myometrium 
were regulated by an increase in [Ca2+]i via increased production of IP3 (Schiemann, 
Westfall et al. 1991). Furthermore, it has been shown that A1R subtype was not coupled to 
adenylyl cyclase, in non-pregnant guinea pig myometrium (Smith, Silverstein et al. 1989). 
However, it has been found in pregnant guinea pig myometrium that  A1R was coupled to 
adenylyl cyclase inhibition suggesting an important  role for adenosine during labour 
(Schiemann, Westfall et al. 1991). It has also been noted that adenosine-mediating 
contraction via A1R activation could lead to a rise in [Ca
2+]i caused by IP3 production in 
pregnant guinea pig myometrium (Schiemann, Westfall et al. 1991). 
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Adenosine-5’- Triphosphate (ATP) 
Adenosine-5’- triphosphate (ATP), is produced inside the cell and it is utilized as an 
energy source. It has become clear that ATP does not involve cellular metabolism only but 
it can act as an extracellular mediator to influence numerous physiological and biological 
processes. It is proposed that hypoxia can release ATP from the intracellular pool through 
the cell membrane to the extracellular space (Forrester and Williams 1977). Moreover,  
ATP can be released from the intracellular to extracellular space by constitutive release of 
ATP by vesicular release exocytosis, programmed release through ATP channels or by 
cell lysis (Blackburn, Vance et al. 2009; Jacobson 2009).   
 
1.3.2      P2 Receptors (ATP Purinoceptors) 
 P2 receptors, are class of membrane-bound receptors for extracellular nucleotides 
such as ATP (Burnstock 1978). There are two major distinct types of P2 receptors that 
exist in cell membrane; ionotropic P2X receptors, which are classified as ligand-gated 
cation channels which allow the passage of cations, and metabotropic P2Y receptors,  
which are composed of seven membrane-spanning receptors and belong to G-protein 
coupled receptors (GPCRs) (Abbracchio and Burnstock 1994; Burnstock 2007). To date, 
seven subtypes of P2X (P2X1-7), and eight subtypes of P2Y (P2Y1, 2, 4, 6, 11, 12, 13, 14) have been 
cloned and identified (Von Kugelgen and Wetter 2000; North 2002; Vial, Roberts et al. 
2004; von K gelgen 2006). 
 P2X receptors are cation-selective channels, located on the plasma membrane and 
they are mainly gated by extracellular ATP, and mediate the influx of extracellular cations 
(Ca2+ and Na+) into the cell, which subsequently depolarize the membrane and open 
VGCCs (North 2002; Khakh and Alan North 2006). P2X receptors exist in most cells in the 
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body and their roles in inflammation, pain, apoptosis, and regulation of smooth muscle 
contraction have been established (Miyoshi, Yamaoka et al. 2010). P2X receptors are 
expressed in different smooth muscle cells including human bladder (O'Reilly, Kosaka et 
al. 2001), toad gastric smooth muscle (Ugur, Drummond et al. 1997), and in canine colon 
in which their activation depolarized the membrane and enhanced muscle excitability (Lee, 
Ro et al. 2005). The effect of ATP on uterine smooth muscle contractility has been 
reported in different species from pregnant and non-pregnant myometrium (Ninomiya and 
Suzuki 1983; Suzuki 1991; Piper and Hollingsworth 1996; Gillman and Pennefather 1998).  
Recently, it has been found that P2X7 receptors are predominantly expressed in 
uterine smooth muscle cells from pregnant rats (Miyoshi, Yamaoka et al. 2010). Moreover, 
Urabe et al. (2009), demonstrated that mRNAs of P2X7 and P2X4 were expressed most 
strongly, in pregnant rat myometrium, and their expression levels increased during the last 
stage of pregnancy and during parturition (Urabe, Miyoshi et al. 2009), suggesting an 
essential role for P2x receptors in mediating the myometrial contractions during labour. 
 It has been reported that, ATP could enhance ion conductance in cultured uterine 
smooth muscle cells, in pregnant rats, and P2X were permeable to monovalent cations 
(Honore, Martin et al. 1989). In addition, some studies showed that ATP was able to 
produce uterine contractions in women, confirming  the presence of P2 receptors in human 
myometrium (Ziganshin, Zaitcev et al. 2006).  
Interestingly, it has been found that there was a gestational difference for the effect 
of ATP on uterine contraction in rat uterus. Application of ATP caused tonic and phasic 
uterine contractions in pregnant myometrium, whereas, in non-pregnant myometrium, ATP 
generated phasic contractions, which were less frequent and the amplitude of tonic 
contractions was also much smaller than in pregnant myometrium (Osa and Maruta 1987). 
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Furthermore, another study investigating the effect of ATP on uterine contraction found no 
or little effect of ATP on non-pregnant human myometrium compared to pregnant 
myometrium (Ziganshin, Zaitzev et al. 2003). In addition, Suzuki et al. (1991), 
demonstrated that application of ATP produced contractions, in both pregnant and non-
pregnant rabbit myometrial strips, and the contractile responses were greatest and 
significant, in pregnant, than in non-pregnant preparations (Suzuki 1991). 
It was shown, also, that the contractile responses to ATP, are partly, mediated by 
biosynthesis of prostaglandins (PGs) (Needleman, Minkes et al. 1974; Moritoki, Takei et 
al. 1979; Suzuki 1991). There are some evidences demonstrating that, inhibition of 
cyclooxygenase (an enzyme responsible for biosynthesis of PGs) with indomethacin, 
reduces the contractile responses induced by ATP in human (Ziganshin, Zefirova et al. 
2005; Ziganshin, Zaitcev et al. 2006), and guinea pig myometria (Moritoki, Takei et al. 
1979), suggesting the involvement of PGs for the ATP-induced smooth muscle 
contraction.  
Furthermore, it has been found that extracellular ATP is able to increase the [Ca2+]i 
by either calcium release from the SR, or calcium influx from the extracellular pool in 
smooth muscle cells (Inscho, Ohishi et al. 1995; Inscho, Belott et al. 1996; White, Imig et 
al. 2001). Recently, it has been shown that activation of P2X receptors, resulted in IP3R-
mediated Ca2+ release from the SR which was activated primarily by calcium influx via 
VGCCs in renal vascular smooth muscle cells (Povstyan, Harhun et al. 2011). In smooth 
muscles of rat portal vein, ATP induced calcium influx through P2X1 which subsequently 
triggered calcium-induced calcium release (CICR) from the SR, hence increasing [Ca2+]i 
(Mironneau, Coussin et al. 2001). Electrophysiological works have found that, application 
of ATP opened the non-selective cation channels allowing calcium entry suggesting this 
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was the only mechanism by which [Ca2+]i increased by ATP (Benham and Tsien 1987; 
Benham 1992). 
 
 
 
 
Figure 1-4: Schematic diagram showing the regulation of intracellular and 
extracellular adenosine concentrations. 
Intracellular adenosine can be produced by hydrolysis of adenosine 5’ phosphates (ATP, 
ADP, AMP), which involves 5’-nucleotidase. Extracellular adenosine can be produced by 
(1) rapid hydrolysis of nucleotides, catalyzed by Ecto-nucleotidases, or can be produced 
by (2) a release from the intracellular pool. Phosphorylation of adenosine to AMP is 
metabolized by adenosine kinase and the degradation of adenosine to inosine is 
catalyzed by adenosine deaminase.  
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1.4  Excitation - Contraction Coupling (ECC)  
 The sequence of events, between the generation of action potential and initiation 
of muscle contraction, is known as Excitation-Contraction Coupling (ECC). This can 
occur via two main mechanisms; electrochemical or pharmacomechanical coupling 
(Somlyo and Somlyo 1994).  
In electrochemical coupling, the primary drive for the rise in intracellular calcium 
concentration [Ca2+]i is the depolarization of plasma membrane. Basically changing the 
ionic permeability of uterine cell membrane leads to action potential generation, which 
therefore depolarizes the cell membrane. Depolarizing the cell membrane from -55 mV 
to -40mV opens the (voltage gated calcium channel (VGCC)/L-type calcium channel), 
which is the major calcium entry pathway, resulting in significant calcium influx into the 
cell and binding of calcium to Calmodulin (CaM); a calcium-binding protein which can 
bind four calcium ions. Calcium-CaM complex activates the myosin light chain kinase 
(MLCK) (Shmigol, Eisner et al. 1998). This would then phosphorylate the serine 19 on 
the regulatory light chain of myosin (MLC20), enabling acto-myosin crossbridge cycling 
and interaction, hydrolysis of Mg-ATP, and production of contraction (Taggart, Menice et 
al. 1997) (Figure 1-5).  
During pharmacomechanical coupling, the increased [Ca2+]i  is brought about by 
receptor-agonist binding rather than membrane depolarization (although changes in 
membrane potential may occur). Agonists such as neurotransmitter, hormones or drug 
after binding to their specific receptor on plasma membrane cause small monomeric G-
proteins to bind GTP and activate phospholipase C (PLC). This subsequently cleaves 
phosphatidylinositol biphosphate (PIP2) at the cell membrane that yields IP3 and 
diacylglycerol (DAG) second messengers. IP3 then binds to its specific receptor at the 
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surface of sarcoplasmic reticulum (SR) and thereby increasing [Ca2+]i. DAG activates 
PKC. 
There are evidences that phosphorylation of (MLC20) by calcium-CaM dependent 
enzyme (MLCK) is the major determinant of smooth muscle contraction in both rat and 
human studies (Rembold and Murphy 1988; Longbottom, Luckas et al. 2000). 
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Figure 1-5: A scheme showing Calcium entry and initiation of contraction 
in the uterus. 
Depolarization of plasma membrane opens the L-type Ca²⁺ Channel resulting in 
Ca²⁺ influx into the cell. Calcium then complexes with Calmodulin protein and 
activates Myosin light chain kinase (MLCK) which then phosphorylates light 
chain of myosin (P). Phosphorylated myosin binds with actin and initiate cross 
bridge cycling leading to uterine contraction. On the other hand relaxation is 
brought about by dephosphorylation of light chain of myosin by myosin light 
chain phosphatase (MLCP). 
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1.5   The Regulation of Intracellular Calcium [Ca
2+
]I  in Uterine 
Contractility 
1.5.1    An Overview  
 A rise in [Ca2+]i  is the major trigger for smooth muscle contraction (Somlyo and 
Somlyo 1994). The concentration of intracellular calcium is relatively very low (50-
100nM) compared to extracellular concentration (2 mM) and this is critically regulated by 
intracellular calcium mechanisms. However, contraction of smooth muscle cells including 
the myometrium depends mainly on increase of intracellular calcium. Moreover, an 
increase of intracellular calcium [Ca2+]i from 100nM to 1µM is needed for initiation of 
contraction (Horowitz, Menice et al. 1996) and this can occur via calcium influx from 
extracellular space into the cell and/or calcium release from internal store; SR. Calcium 
can enter the cell via VGCCs in particular L-type calcium channel, which is the main 
source of calcium, store-operated calcium channels (SOCCs or capacitative ca2+ entry), 
and/or via receptor-operated calcium channels (ROCCs). 
 Intracellular-free calcium can be extruded from the cell by reverse process; 
sequestration into the SR or/and extrusion through plasma membrane by plasma 
membrane Ca2+-ATPase (PMCA) or sodium-calcium exchanger mechanism (NCX). 
 
1.5.2     Mechanism of Ca
2+
 Influx 
 Spontaneous contraction of the uterine smooth muscle relies heavily on the 
calcium influx from extracellular space  (Kawarabayashi, Kishikawa et al. 1989; Wray 
1993). It is agreed that calcium influx both in human and rat myometria is predominantly 
via L-type calcium VGCCs  based on the experiments that blocking these channels with 
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specific L-type calcium channel blockers such as nifedipine significantly decreased or 
completely inhibited spontaneous and/or agonist-induced contractility (Hollingsworth and 
Downing 1988; Taggart, Burdyga et al. 1996; Parkington, Tonta et al. 1999). However, 
calcium can also enter the cell via other Ca2+-permeable channels at the cell membrane 
independent of membrane depolarization (Bolton and Imaizumi 1996; Albert and Large 
2003). 
 Receptor-operated calcium channels (ROCCs) are class of membrane bound 
channels which have a binding site for agonists such as neurotransmitter or hormones. 
The channels open when ligands bind to specific-associated receptors. Receptor 
operated currents have been reported in different types of smooth muscles (Large 2002; 
Smith, Babiychuk et al. 2005; Thorneloe and Nelson 2005). There are two types of 
ROCCs that can be activated by specific agonist. One which can be activated by ATP 
(Benham 1989; Kuriyama, Kitamura et al. 1998) is known as purinoceptors coupled 
cation channel and another which opens as a result of G-protein coupled receptors (such 
as Acetylcholine receptors) (Inoue, Kitamura et al. 1987). Activation of ROCCs may 
cause fluctuations in membrane potential leading to activation or inhibition of VGCCs 
(Wray 1993). 
 Another entry for calcium is via store operated calcium channels (SOCCs) or 
capacitative calcium entry (CCE). Calcium  can enter the cell via specific store channels 
found in cell membrane as a result of depletion of calcium from the SR (Putney Jr and 
Ribeiro 2000). This could occur by agonist-induced IP3 that activate calcium release from 
SR resulting in a significant fall of [Ca2+]i.. The SOCCs are thought to belong to the 
transient receptor potential (TRP) superfamily, which may involve the molecular entity for 
SOCCs (Birnbaumer, Zhu et al. 1996). It is unclear whether there is a role for SOCCs in 
the myometrium but there is preliminary data suggesting that  it may be present in rat 
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myometrium and it is functionally upregulated as term approaches (Noble, Matthew et al. 
2009). Evidence shows that SOCCs are enhanced in smooth muscles during hypoxia 
that could lead to membrane depolarization and secondary activation of VGCC and 
subsequent increase in [Ca2+]i (Ng, Wilson et al. 2005; Wang, Shimoda et al. 2005). 
 Uterine activity can be modulated by a number of G-protein coupled receptors at 
the level of plasma membrane. Activation of different receptors upon G-protein they are 
coupled to would lead to stimulation of calcium entry and initiation of contraction. For 
instance, oxytocin and prostaglandin receptors are known to couple to the G-protein 
family. Oxytocin receptors (OTRs) are abundant in pregnant uterine smooth muscles 
(Ku, Qian et al. 1995; Sanborn, Qian et al. 1996). The activity of oxytocin to augment 
uterine contraction is attributed to the activation of phospholipase C and the generation 
of the second messenger IP3, and hence increasing [Ca
2+]i (Ku, Qian et al. 1995). 
However, if calcium entry via L-type calcium channel is inhibited, the ability of oxytocin to 
produce force would be limited (Kupittayanant, Luckas et al. 2002). Furthermore, when 
the SR is blocked by cyclopiazonic acid (an inhibitor of sarcoplasmic reticulum Ca-
ATPase), oxytocin would be  able to increase intracellular calcium transient and force 
and this increase is attributed to calcium entry via L-type calcium channel 
(Kupittayanant, Luckas et al. 2002). Therefore, another mechanism that leads to an 
increase in [Ca2+]i is through calcium release from intracellular calcium stores (the SR) 
via IP3 receptors which are stimulated by binding of different agonists to G-proteins 
coupled receptors (GPCRs). 
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1.5.3     Regulation Of [Ca
2+
]I By Sarcoplasmic Reticulum (SR) 
It is significant that intracellular calcium is physiologically regulated in a specific 
cellular organelle. Like any other smooth muscle, uterine SR is capable of uptake, store, 
and release of calcium. Calcium uptake and release from the SR have been reported in 
both rat and human myometria (Taggart and Wray 1998; Luckas, Taggart et al. 1999). 
There are two different types of calcium release channels from the SR; ryanodine 
receptors (RyRs) and the inositol 1, 4, 5-triphosphate receptors (IP3Rs) and both are 
capable to release calcium independent of each other. Sarcoplasmic reticulum calcium-
ATPase (SERCA) is a pump found on the membrane of SR that takes up the [Ca2+]i into 
the SR lumen. 
 Stimulation of the myometrium with a variety of agonists whose receptors are 
coupled to G-protein could activate the PLC and generate two second messengers IP3 
and DAG. IP3 binds to its specific receptors (IP3Rs) on the SR and activates the release 
of calcium from the SR into the cytoplasm thereby increasing the [Ca2+]i. Three types of 
IP3Rs have been found (types 1-3)  (Patel, Joseph et al. 1999). Moreover, all of these 
isoforms have been found in pregnant and non-pregnant uterine smooth muscle 
(Morgan, De Smedt et al. 1996). 
 The RyRs, as the name suggests, are sensitive to ryanodine. It is mainly gated by 
calcium (Ca2+), as cytoplasmic calcium activates RyR channels; a process known as 
calcium-induced calcium release (CICR). Three isoforms of RyRs have been cloned and 
identified (RyR1-RyR3) and all these types have been reported in the uterus (Martin, 
Hyvelin et al. 1999). All isoforms can be activated by sub-micromolar intracellular 
calcium and they can be inhibited by magnesium and millimolar intracellular calcium. 
However, based on intracellular calcium measurement and force, it seems that RyRs 
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have no or very little functional role in intact preparations of both rat (Taggart and Wray 
1998) and human myometria (Kupittayanant, Luckas et al. 2002). Conversely, calcium 
release was observed from the SR through RyRs in cultured pregnant and non-pregnant 
myometrium (Lynn, Morgan et al. 1993; Morgan and Gillespie 1995; Holda, Oberti et al. 
1996). 
 
1.5.4     Mechanism of Ca
2+
 Extrusion 
 Uterine contraction is decreased or terminated by a fall in [Ca2+]i. Calcium 
homeostasis is maintained by calcium pumps which move the calcium against its 
concentration gradients either across the cell or SR membranes. The mechanisms 
responsible for the removal of calcium are through specific proteins spanning the plasma 
membrane; these are plasma membrane Ca-ATPase (PMCA), Na/Ca exchanger (NCX), 
and sarcoplasmic reticulum Ca-ATPase (SERCA).  
The PMCA transports calcium from the cytoplasm to the extracellular space at the 
expense of ATP hydrolysis and the NCX allows one calcium ion to leave the cells in 
exchange with three sodium ions. In addition, SERCA pumps calcium ions from the 
cytoplasm into the sarcoplasmic reticulum using ATP hydrolysis. In the myometrium, 
both PMCA and NCX have been identified and investigated biochemically (KOSTERIN, 
Burdyga et al. 1994; Guerini 1998). The role of SERCA in sequestering the calcium into 
the SR has been investigated in pregnant rat myometrium and it has been shown that it 
can contribute to calcium removal but its function would be affected if PMCA and NCX 
are inhibited (Shmigol, Eisner et al. 1999). Thus SERCA must work in series with surface 
membrane extrusion mechanisms. 
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 An additional mechanism for calcium removal is by mitochondria. It has been 
proposed that mitochondria play an essential role in removing the calcium from the 
cytoplasm in smooth muscle cells (Drummond and Fay 1996; Kamishima, Davies et al. 
2000). In uterine smooth muscle, it was suggested that it was unlikely that mitochondria 
significantly contribute to calcium removal mechanism (Shmigol, Eisner et al. 1999) and 
there is no clear evidence that calcium flux via mitochondrial membrane may contribute 
to excitation-contraction coupling and its role is very minor in calcium movement (Smith 
1996).  
    
1.6  Modulation of Force 
 The activity of the uterus is regulated by complex interactions among such 
physiological systems as hormonal, neural, and metabolic. Therefore, the force, 
duration, and frequency of uterine contractions can be modulated by these systems.  
 
1.6.1    Hormonal Modulation 
 There are several hormones that can stimulate and augment uterine activity 
including oxytocin, prostaglandin, endothelin, vasopressin and oestrogen. On the other 
hand two other hormones can inhibit or decrease uterine contractility, i.e. progesterone 
and relaxin.  
 Several signals are transduced via G-protein which interacts with cell surface 
agonist receptors. The response of uterine smooth muscle to any hormone is basically 
governed by the coupling between G-protein and the receptor of such hormone. It is well 
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known that many hormones act via a G-protein coupled receptor pathway leading to PLC 
activation, PIP2 hydrolysis and liberation of IP3 and DAG second messengers. IP3 
eventually mobilises calcium from the SR. 
 Furthermore, like any other smooth muscle G-protein, the uterine smooth muscle 
G-protein consists of three subunits (α, β, and γ), and is also classified into subfamilies 
(Gαs, Gαi, Gαq, and Gα12) that are coupled to different effectors (Europe-Finner, Phaneuf 
et al. 1996; Sanborn, Yue et al. 1998). The Gαi inhibits adenylyl cylase activity while Gαs 
stimulates it. Both Gαi and Gαq are thought to stimulate the activity of inositol 
phospholipids pathway. 
 The oxytocin and prostaglandin hormones will be discussed as they are clinically 
relevant hormones and as oxytocin has been used in most of my experimental works. 
 
1.6.1.1 Oxytocin  
Oxytocin (OT) is a nona-peptide hormone synthesised by magnocellular neurons 
of the hypothalamus (Soloff 1990) and secreted by the posterior pituitary gland. The 
structure of OT peptide is similar to arginine vasopressin (AVP) or ADH hormones 
implying that AVP can stimulate uterine contractions in the experimental model. OT is a 
potent powerful stimulator hormone for the uterine contractility and it augments the 
contractions by increasing the force amplitude, duration, and frequency of uterine 
contraction (Wray 1993). In addition to its importance in increasing the uterine 
contraction, oxytocin has a vital role during lactation as well.  
 The oxytocin receptors (OTRs) belong to the heterotrimeric G-protein coupled 
receptor family, specifically Gq. The number of OTRs is upregulated and increased 
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gradually towards term, which enhances the sensitivity of the receptors to the circulating 
oxytocin (Alexandrova and Soloff 1980; Fuchs Fuchs, Husslein et al. 1984). During 
pregnancy, the OTRs are upregulated by oestrogen hormone and also upregulated in 
uterine decidual cells. These cells synthesise prostaglandins F2α (PGF2α) when 
stimulated by OT (Fuchs, Husslein et al. 1981; Wilson, Liggins et al. 1988); in addition, 
PGF2α by itself is a potent stimulator of myometrial contraction. Thus oxytocin may serve 
a dual function in labour by acting on both decidual and uterine smooth muscle cells to 
augment the labour contractions. 
 It is apparent that oxytocin stimulation increases intracellular calcium 
concentration [Ca2+]i and this has been measured in rats (Anwer, Hovington et al. 1989) 
and human myometria (Tasaka, Masumoto et al. 1991). The rise in [Ca2+]i following 
addition of oxytocin is at least partially dependent on calcium influx from extracellular 
space (Anwer, Hovington et al. 1989). The VGCCs have been proposed to be the major 
calcium entry activated when oxytocin is present as blocking or inhibiting this channel 
with nifedipine decreases or inhibits the rise in [Ca2+]i compared with control (Forman, 
Gandrup et al. 1982; Tasaka, Masumoto et al. 1991).  
 The ROCCs can be opened and stimulated by oxytocin stimulation, which can 
increase the membrane conductance (Batra 1986; Anwer, Hovington et al. 1989; Wray 
1993). Furthermore, oxytocin has been reported to increase [Ca2+]i by inhibiting the 
SERCA pump on the SR (Shlykov 2010) or/and limiting the calcium extrusion at the 
plasma membrane by inhibiting the PMCA (Magocsi and Penniston 1991). 
Oxytocin is able to elevate [Ca2+]i by mobilising it from the intracellular calcium 
stores. It has been shown that oxytocin binds to G-protein and activates PLC and 
generates IP3 (Anwer, Hovington et al. 1989). It can be concluded that oxytocin can 
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contribute to both mobilisation of intracellular calcium stores and stimulation of calcium 
entry from extracellular space, thus being a powerful stimulator for uterine contraction. 
However, in the absence of external calcium, OT is able to produce continued uterine 
contractions but the amplitude of these contractions is significantly reduced compared 
with contractions in the presence of external calcium although the contractions can 
persist for several hours (Matsuo, Gokita et al. 1989). When measured with fura-2, those 
contractions free calcium did not mirror changes in cytosolic calcium level and were not 
inhibited by VGCCs blocker such as nicardipine (Matsuo, Gokita et al. 1989), suggesting 
the possibility of calcium-independent pathway of OT-induced contraction. 
Oxytocin can increase the contractile activity without direct increase in 
intracellular calcium concentration. It has been shown that the sensitivity of contractile 
proteins to [Ca2+]i is enhanced after addition of OT in both permeabilized rat uterine 
myocytes (Izumi, Ichihara et al. 1990) and also in intact strips of pregnant human 
myometrium  (McKillen, Thornton et al. 1999).  
 
1.6.1.2 Prostaglandins 
 Prostaglandins (PGs) are naturally occurring fatty acids that are synthesised and 
produced by many tissues in the body including the uterus. They can be synthesised 
from membrane bound phospholipids which by the action of phospholipase enzymes are 
converted to arachidonic acids (AA). The prostaglandin synthase or cyclo-oxygenase 
(COX) enzymes then convert arachidonic acids into ranges of prostaglandins (PGs). 
 Prostaglandin production is also noted after stimulation of uterine smooth muscles 
by some uterotonic agents such as oxytocin and α-adrenergic agonists in pregnant 
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uterine myocytes (Fuchs, Husslein et al. 1981; Quaas and Zahradnik 1985). The key of 
PG-induced uterine contraction appears to be based on Ca2+ mobilisation from the 
intracellular calcium store (the SR) and the subsequent rise in [Ca2+]i which is the first 
step leading to uterine contraction. 
 Different types of prostaglandins have different action depending on the specific 
receptors they activate. For example, PGE2 binds to receptor subtypes EP1-4. However 
EP1 and EP3 can cause uterine contraction via increasing phosphatidyl inositol turnover 
and adenylyl cyclase activity inhibition, respectively. It has been reported that the level of 
EP1 and EP3, receptors is dependent of the gestational state of the uterus, i.e. pregnant 
or non-pregnant (Senior, Marshall et al. 1993). 
 Prostaglandin F2α (PGF2α) and Prostaglandin E2 (PGE2) increase the uterine 
contractions which are associated with the rise in [Ca2+]i as shown by fura-2 
measurement in single cultured human uterine myocyte (MacKenzie, Word et al. 1990) 
and pregnant human myometrial strips (Parkington, Tonta et al. 1999). The source of the 
rise in [Ca2+]i during PG stimulation are either via calcium influx from extracellular space 
or/and calcium release from the internal stores. In human pregnant and non-pregnant 
myometrial strips, PGF2α has been shown to release calcium from intracellular stores 
and increase the [Ca2+]i when extracellular calcium was omitted (Luckas, Taggart et al. 
1999), supporting the mechanism that PG acts on SR to mobilise the calcium. 
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1.6.1.3 Arachidonic acid metabolism 
 Arachidonic acids (AA) are polyunsaturated essential fatty acids which are part of 
membrane phospholipids and they are considered as PG precursors (Madamanchi, 
Bukoski et al. 1998). Arachidonic acids can be regulated by the hydrolysis of membrane 
inositol phospholipids by different phopholipases such as phospholipase A2 (PLA2), 
phospholipase C (PLC), and phospholipase D (PLD) (Piomelli 1993; Exton 1994). The 
PLC can generate Diacylglycerol (DAG) that acts directly to release AA or DAG-
activation of protein kinase C (PKC) that indirectly releases AA (Ho and Klein 1987). The 
biosynthesis and release of PGs can occur in any type of cell in response to 
physiological and pathological stimuli and a distortion of plasma membrane is sufficient 
to trigger the mechanism (Piper and Vane 1971). Unlike other biologically active 
substances, PGs are synthesised immediately prior to their release by the cell and are 
not stored in the tissue. The enzymes involved in PG biosynthesis are found in many cell 
types including the pregnant myometrium (Christ and Van Dorp 1972; Gu, Rice et al. 
1990). 
 Once released from membrane phospholipids by the action of phopholipases, 
arachidonic acids are metabolised by cyclo-oxygenases (COX) or lipoxygenase. It has 
been suggested that exogenous arachidonic acids can release calcium from intracellular 
calcium stores in different cell types even when the converting enzymes to PG is 
inhibited (Kolesnick, Musacchio et al. 1984; Wolf, Turk et al. 1986). The production of 
PGs is increased as long as arachidonic acids are produced. 
Only cyclo-oxygenase enzymes will be considered here as they have been used in my 
experimental works. 
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Cyclo-oxygenase pathways  
 Cyclo-oxygenase (COX) enzymes can convert arachidonic acids and any other 
polyunsaturated fatty acids into prostaglandins (Needleman, Turk et al. 1986). It is well 
known that the uterine smooth muscle is a rich source of prostaglandin  produced 
primarily via COX pathway from arachidonic acid metabolism (Vijayakumar and Walters 
1981; Cameron, Kelly et al. 1985). Immunohistochemical analysis clearly showed that 
COX enzyme is predominantly located in the uterine smooth muscle cell itself (Moonen, 
Klok et al. 1985). Moreover, the pregnant myometrium contains significantly more COX 
proteins (increase by threefold) compared to non-pregnant myometrium (Chaudhuri 
1990). 
 So far two cyclo-oxygenases isozymes have been found to exist in many organs.  
The first isozyme is cyclo-oxygenase-1 (COX-1), which is constitutively expressed in 
different tissues in the body including the uterus (Dong, Gangula et al. 1996). The 
second isozyme is cyclo-oxygenase-2 (COX-2), which is expressed in inducible form and 
its level is increased during inflammation. Recently evidence shows that in smooth 
muscle cells, hypoxia can also increase the level of COX-2 leading to production of PGs 
(Camacho, Rodríguez et al. 2011). Both isozymes are expressed in both non-pregnant 
and pregnant rat myometria and their level gradually increased during pregnancy with 
dramatic increase at parturition  (Dong, Gangula et al. 1996), suggesting their essential 
roles in increasing uterine activity and cervical ripening during labour. 
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Interaction between prostaglandin (PG) and oxytocin (OT) in myometrium  
 Since arachidonic acids are diacylglycerol, inositol phospholipids can be 
hydrolysed to produce PG and this could be the origin of PG synthesis in the cell after 
activation of G-protein receptors by stimulation with OT that help in initiating or 
augmenting the uterine activity (Brummer 1972). Evidence for this comes from the 
observation that the response of the uterus to the OT was inhibited after blocking PG 
biosynthesis (Garrioch 1978; Chan 1983). The first observation supporting the 
interaction between PG and OT in uterine smooth muscle was provided by Vane and 
Williams (Vane and Williams 1973). They are the first to observe that PG inhibitors, 
indomethacin and meclofenamate antagonised the OT-induced contraction in isolated rat 
uterine strips. This indicates that OT activates phospholipases, thus enhancing PG 
biosynthesis resulting in dual actions to augment uterine activity.  
 The ability of OT to release arachidonic acids from decidual cells from women in 
labour is significantly greater than women not in labour or even non-pregnant women 
and this observation also correlates well with the reported concentration of OT receptors 
in these tissues (Wilson, Liggins et al. 1988). This indicates that endogenous OT is 
important in activating phospholipases and enhancing PG biosynthesis at the onset of 
parturition. 
 
1.6.2    Neural Modulation  
 The uterus is a myogenic organ, and despite its ability to produce contraction 
without any neural stimuli, its activity is regulated by autonomic innervations including 
adrenergic and cholinergic nerves. The uterus has been known to be innervated by 
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autonomic innervations for over 300 years (Wray 1993). The parasympathetic fibres 
combine with the inferior hypogastric nerve and constitute part of the pelvic plexus; and 
the postganglionic fibres of the parasympathetic neurons penetrate the uterine wall along 
with blood vessels supplying the uterus and innervate both the endometrial and 
myometrial layers (Wray 1993).  
 Adrenergic stimulation causes both uterine contraction and relaxation via smooth 
muscle α-excitatory and β-inhibitory adrenoreceptors, respectively (Marshall 1970). 
Cholinergic stimulation, on the other hand, causes contraction of the uterus via 
muscarinic receptors found on uterine smooth muscle cells (Nakanishi and Wood 1971; 
Kitazawa, Hirama et al. 2008). 
 
1.6.3   Effect of Stretch  
 Stretch (distension), can modulate the force and stimulate smooth muscle 
contraction. The stretch applied to a muscle can affect the amount of tension it 
generates. Throughout pregnancy, the uterus increases in weight and size by 
hypertrophy and hyperplasia as a result of the mechanical stretch applied by the growing 
foetus as well as the changes in hormones that occur during pregnancy.  
 Increased myometrial stretch as occurred in multiple pregnancies may augment 
contractility and accelerate parturition (Rouse, Skopec et al. 1993). It is believed that 
stretch activates some channels (stretch-sensitive channels) present on plasma 
membrane of smooth muscle cells (Bolton, Prestwich et al. 1999). It is thought that 
activation of these channels is cations-permeable and their opening is facilitated by 
hyperpolarization (Hisada, Walsh Jr et al. 1993). Bulbring et al. (1955), showed that 
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when smooth muscle was stretched, the cell membrane became depolarized, resulted in 
an increase in action potentials and frequency and, hence caused contraction (Bulbring 
1955). It has been reported in some studies that stretch caused no or little increase in 
[Ca2+]i (Himpens, Matthijs et al. 1988; Himpens and Somlyo 1988). Conversely, other 
studies reported large increase in [Ca2+]i during stretch mainly via calcium influx from the 
extracellular space (Davis, Meininger et al. 1992). 
 Molecular studies have reported that pregnancy-induced mechanical uterine stretch 
may up-regulate and increase expression of COX-2, Interleukin 8 (IL-8), and oxytocin 
receptors in human myometrium (Loudon, Sooranna et al. 2004; Sooranna, Lee et al. 
2004; Terzidou, Sooranna et al. 2005). These observations are consistent with other 
observations in humans and rabbits that uterine stretch was associated with PG-induced 
uterine contraction (Csapo 1977; Manabe, Manabe et al. 1982; Manabe, Manabo et al. 
1983). It is also reported that mechanical stretch enhances the expression of gap 
junction protein connexin 43 (Salameh, Wustmann et al. 2010). 
 
1.6.4   Metabolic Modulation and Uterine Metabolism  
 This section refers to the effects of metabolic changes produced in the 
myometrium on the force production as a consequence of alteration in uterine 
metabolism such as oxygen supply, ATP or pH. 
1.6.4.1 Uterine Blood Flow and Contraction 
 Arterial pressures drop gradually as blood flows from major arteries through the 
small arteries. In the uterus, there is a steep fall of the pressure from the uterine arteries 
into the intervillous space. In uterine arteries, the pressure is around 80-100 mmHg, and 
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gradually falls in spiral arteries where it is about 70 mmHg. However, in intervillous 
space the pressure is only 10 mmHg (Wang and Zhao 2010). 
Uterine contractions can be so strong during labour, and the intrauterine pressure can 
reach 100 mmHg not uncommonly during labour (Wray 1993). These contractions can 
compress the small blood vessels travelling through the uterine wall and reduce the 
blood flow supplying the uterus and the foetus (Greiss Jr 1965; Brar, Platt et al. 1988). 
The effect is much greater in small uterine arteries such as arcuate and spiral arteries 
than in uterine artery (Fleischer, Anyaegbunam et al. 1987). Resting uterine blood 
pressure is related to normal elastic recoil of the uterus and its surrounding tissues and it 
contributes 7.5 to 15 mm Hg of the intrauterine pressure “IUP” and that contractions of 
the uterus increase the IUP (Steer 2005). Uterine blood flow significantly decreases as 
IUP exceeds 30-35 mm Hg or higher (Brotanek, Hendricks et al. 1969; Fleischer, 
Anyaegbunam et al. 1987; Brar, Platt et al. 1988). It has been reported that there is an 
inverse linear relationship between blood flow and uterine contractions with a decrease 
in uterine force occurring with even small reduction in uterine blood flow (Larcombe-
McDouall, Harrison et al. 1998).    
This reduction in blood flow and accompanying hypoxia will lead to some metabolic 
changes in the uterine smooth muscles such as alteration in cellular metabolites and pH. 
1.6.4.2  Uteroplacental and Fetoplacental Blood Circulation   
The unique vascular organ that receives blood from both the maternal and fetal 
circulation is the placenta. This makes two separate and distinct circulatory systems for 
the blood which are the uteroplacental and fetoplacental circulations (Wang and Zhao 
2010). The main function of the placenta is to provide O2 and nutrient to the foetus and to 
take the waste products away via the umbilical cord. The uteroplacental circulation 
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begins at the maternal blood flow through the small decidual spiral arteries into the 
intervillous space. The exchange of O2 and nutrient takes place at the intervillous space 
as the maternal blood through spiral arteries flows round the terminal villi.  The arteries of 
the maternal blood push the deoxygenated blood into the endometrial layer whereas the 
uterine veins push the oxygenated blood and nutrients back to the maternal circulation 
and then into the intervillous space. The fetoplacental circulation helps carrying the 
deoxygenated blood and nutrient-depleted blood from the foetus to villous core via the 
umbilical arteries. Typically, the umbilical veins carry the oxygenated and fresh blood 
back to the foetal circulation. During pregnancy, the uterine and placental blood flow 
increases in many species including humans (Reynolds, Ferrell et al. 1986; Reynolds 
and Redmer 1995; Konje, Howarth et al. 2003). This is to ensure adequate supply of O2 
and nutrients to the growing foetus.  
1.6.4.3 The Effect of Uterine Contraction on the Foetus  
 During pregnancy, the foetus receives the oxygen supply and nutrients from 
maternal blood through the uterine artery which supplies the placenta. Uterine 
contractions are associated with a decrease in blood flow to the uterus and hence to the 
foetus (Borell, Fernström et al. 1965; Brotanek, Hendricks et al. 1969; Brar, Platt et al. 
1988). The reduced uterine blood flow does not only affect the myometrium, but also the 
foetal oxygenation. The placental and foetal circulations depend mainly on uterine blood 
supply, thus the reduced blood flow to the myometrium may result in a reduced blood 
and oxygen supply to placental and foetal circulation. This explains the changes in foetal 
heart rate that are clinically encountered during labour when labours are accompanied 
by strong and intermittent uterine contractions. These can eventually lead to hypoxic 
stimuli responded by the foetus, which if persisted may result in CTG abnormalities or 
foetal hypoxia. 
46 
 
1.6.4.4 Uterine Metabolites 
 The basic mechanism by which the uterine smooth muscle utilise the energy is 
similar to those in all other body organs. In general smooth muscle including the uterus 
have been shown to have a much lower content of phosphocreatine (PCr) and 
adenosine-5’-triphosphate (ATP) than in striated muscles (Dawson and Wray 1985; 
Kushmerick, Dillon et al. 1986; Spurway and Wray 1987). The concentration of ATP 
[ATP] and PCr [PCr] in uterine myocyte is 1.8 mM and 3.0 mM, respectively compared to 
7 mM and 25 mM in skeletal muscle (Wray 1993). In myometrium, the concentration of 
these metabolites has been found to increase with gestation and return to normal value 
after labour (Dawson and Wray 1985). ATP is the main source for energy supply and its 
production is predominantly by mitochondrial oxidative phosphorylation. 
 
1.6.4.5 ATP Production by the Mitochondria  
 Glycolysis is the process in which energy is released from glucose molecules. 
Most cells produce energy to supply their functional needs.  In the cytoplasm, glucose 
(six-carbon) is broken down into two 3-carbon pyruvic acid molecules. This yields a net 
of 2 molecules of ATP and 2 energy-containing NADH+ H+ from each molecule of 
glucose. In the absence of oxygen fermentation, reactions produce lactic acid from 
pyruvic acid by the action of lactate dehydrogenase (LDH) and hence, no more 
additional ATP is produced. This process is referred to as anaerobic respiration.  
However, if oxygen is available, pyruvic acid enters the mitochondria and is then 
converted to two-carbon fragments by removing one molecule of CO2, which diffuses 
easily into the blood and is exhaled by the lungs. A hydrogen molecule (H2) is then 
removed from pyruvic acid under the influence of NAD+ coenzyme. Eventually, the 
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remaining atom referred to as acetyl group binds to coenzyme A, to form acetyl 
coenzyme A (Acetyl-CoA). The chemical energy is then transferred to Acetyl-CoA in a 
series of enzymatic reactions, known as Krebs cycle where two other coenzymes; NAD+ 
and FAD form two electron carriers NADH+H+ and FADH2.  
In order to harvest the energy in NADH+H+ and FADH2, their high-energy 
electrons must first go through an electron transport chain at the inner mitochondrial 
membrane. There, the coenzymes NADH+H+ and FADH2 pass their high-energy 
electrons through a series of electron carriers to synthesise and produce more ATP, by a 
process known as oxidative phosphorylation. This process produces over 90% of total 
ATP produced by glycolysis. Oxidative phosphorylation requires oxygen in order to 
transport energy through the electron carriers efficiently because oxygen serves as the 
final electron acceptor from cytochrome a3 in the electron transport chain. At the end of 
oxidative phosphorylation, hydrogen reforms and reduces oxygen to produce water: 
(e- + 2H+ + ½ O2                             H2O). 
However, if the oxygen supply is interrupted or cut off from the cell, the 
mitochondrial oxidative phosphorylation would cease, as the reduced cytochrome a3 no 
longer has an acceptor for its electrons.  
 
1.6.4.6 The Effect of pH Alteration 
 Changes in intracellular pH (pHi) have profound effect on uterine contractility 
(Wray 1988; Parratt, Taggart et al. 1995; Taggart and Wray 1995). The measurement of 
pHi in the uterine smooth muscle was first performed by Dawson and Wray in 1985. In 
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this study using 31P NMR a value of ~7.1 was found for both pregnant and non-pregnant 
rat myometria (Dawson and Wray 1985). 
 It has been found that changes in external pH (pH0) can be transmitted to cell 
cytoplasm and cause changes in internal pH and affect cellular function (Wray 1993; Fry, 
Gallegos et al. 1994; Austin and Wray 1995). The pH0 can affect the pHi due to proton 
(H+) diffusion across the cell membrane and into the cell, which eventually decreases the 
pHi. However, the effect is slower and to a lesser extent than the direct changes in pH i. It 
has been reported that pH0 may influence VGCCs and limit the calcium influx, as does 
pHi (Saadoun, Lluch et al. 1998; Smirnov, Knock et al. 2000). These changes in pH0 can 
occur due to changes in the physiological process in the body such as acid-base 
imbalance, cellular hypoxia, or increased cellular activity. 
 It has been shown that during the last few weeks of gestation, there is a 
significant intracellular alkalinization from around pH 7.07 (33 weeks of gestation) to pH 
7.26 (40-42 weeks of gestation) and it has also been reported that intracellular 
alkalinization increased uterine contractility (Parratt, Taggart et al. 1995). Elevating the 
pHi can increase the frequency of myometrial contractions in both rat and human 
myometrial strips (Heaton, Taggart et al. 1992; Heaton and Wray 1992). Siskind (1989) 
demonstrated in vascular smooth muscle cells that elevation of intracellular pH could 
result in calcium influx from extracellular space and increase [Ca2+]i hence increasing the 
frequency of contractions (Siskind, McCoy et al. 1989). 
 In both rat and human experiments, intracellular acidification decreases while 
alkalinization increases spontaneous uterine contractions in intact myometrial 
preparations (Phoenix and Wray 1993; Taggart and Wray 1993). It has also been shown 
that the level  of intracellular calcium [Ca2+]i  falls and rises when pHi is changed and this 
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may due to the effect of pHi on calcium entry (Taggart, Burdyga et al. 1996; Shmigol, 
Eisner et al. 1998). In myometrium, intracellular acidification can directly decrease 
calcium current and hence [Ca2+]i (Shmigol, Smith et al. 1995) and inhibit the force 
production at the level of cross-bridge cycling (Nagesetty and Paul 1994).  Moreover, 
during intracellular acidification, dissociation between force and calcium in which the 
force is decreased while the [Ca2+]i  increased is found in rat myometrium (Taggart and 
Wray 1993). Pierce et al. (2003) reported that maintaining acidic pHi desensitises the 
myofilaments to calcium resulting in elevated [Ca2+]i, which is overcome by 
desensitisation  (Pierce, Kupittayanant et al. 2003). 
 As hypoxia can cause intracellular acidification and reduce the uterine 
contraction, it might be worthwhile to ask whether the decrease in force during hypoxia is 
due to intracellular acidification. One study tested this by measuring the force with the 
simultaneous application of cyanide and weak base (trimethylamine) in myometrial strip, 
hence the tissue would experience all the metabolic changes induced by hypoxia except 
the acidification as it was nullified by the addition of the base. This study found that force 
was still decreased under this condition and concluded that metabolic changes per se 
are able to decrease or inhibit myometrial contractility (Wray, Duggins et al. 1992). 
 It becomes clear that changes of pH, whether produced by changes of internal or 
external pH have clear effects on membrane calcium current and [Ca2+]i  in uterine 
smooth muscle cells but have little or no effect on outward potassium (K+) currents 
(Shmigol, Smith et al. 1995). 
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1.6.4.7 The Effect of Hypoxia in the Uterus 
 Hypoxia (a decrease in O2 concentration and supply in the cell) is a transient 
event that may occur during each uterine contraction. The effect of a single episode of 
hypoxia (bubbling with 100% nitrogen) or blocking the oxidative phosphorylation (by 
cyanide, CN-) has been investigated in smooth muscle cells including the rat and human 
myometria (Kim, Kim et al. 1996; Taggart, Menice et al. 1997; Monir-Bishty, Pierce et al. 
2003; Nakamura, Yokoi et al. 2009). The experiments performed on myometria 
demonstrated that hypoxia had inhibitory effect on force production. Monir-Bishty et al. 
and co-workers (2003) have showed that simulation of hypoxia by cyanide produced 
marked inhibition of uterine contraction either produced spontaneously or by agonists 
and the basal calcium transient was elevated during hypoxia (Monir-Bishty, Pierce et al. 
2003). Data from animal works also showed that hypoxia significantly reduced uterine 
activity produced either spontaneously or under agonist stimulation (Csapó and Gergely 
1950; Wray, Duggins et al. 1992; Earley and Wray 1993; Taggart, Menice et al. 1997).  
 The source of increase in basal [Ca2+]i during hypoxia is not clear. An impairment 
of calcium extrusion mechanisms may be predicted as these pumps need ATP to 
extrude the intracellular calcium out of the cell. In addition, there is some evidence 
reported that mitochondria can be the source of intracellular calcium based on findings of 
impairment of  their physiological function and calcium uptake and handling during 
hypoxia (Somlyo and Somlyo 1990; Piper, Noll et al. 1994). Furthermore, mitochondria 
can be implicated in the rise of [Ca2+]i in pulmonary arterial smooth muscle during 
hypoxia (Waypa, Marks et al. 2002). 
 Evidence has been shown that the effect of hypoxia on the uterus is gestational-
dependent (Wray, Duggins et al. 1992). Pregnant uterus is more resistant to the effect of 
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hypoxia than the non-pregnant judging from the persistence of some activity during 
hypoxia  (Earley and Wray 1993; Wray 1993). This difference can be explained by the 
biochemical changes occurring throughout gestation such as greater storage of [ATP] 
and [PCr], glycogen, fatty droplets in pregnant myometrium compared to non-pregnant 
(Dawson and Wray 1985; Wray 1993). Furthermore, Battellino et al. (1971) have found 
that the level of lactate dehydrogenase (LDH) enzyme in rat myometrium was increased 
towards the end of pregnancy (Battellino, Sabulsky et al. 1971) which allows the uterus 
to adapt to the hypoxic episodes and to maintain ATP production during parturition. It is 
clear that during labour the uterine contractions are sufficient to produce periods of 
transient local hypoxic episodes. Therefore, the uterus may utilise these metabolic 
reserves to maintain strong and frequent contractions until the foetus is expelled and 
these are not necessary for non-pregnant uterine tissue (Wray 1993). 
 
1.6.4.7.1 Mechanism Underlying the fall of Force during Hypoxic 
Condition 
 Spontaneous uterine contraction requires membrane depolarisation, a rise in 
[Ca2+]i, and interaction between myofilaments. It has been reported that K
+ efflux is 
significantly increased during metabolic inhibition by cyanide suggesting that hypoxia 
reduces the membrane excitability, which could contribute to the loss of force during 
hypoxia (Heaton, Wray et al. 1992; Earley and Wray 1993).  
 Other studies have found that during hypoxia the concentrations of metabolites were 
changed such as a decrease in [ATP] and [PCr], and an increase in inorganic phosphate 
[Pi], in addition to the significant drop in intracellular pH (pH i) (Wray 1990; Heaton, Wray 
et al. 1993). However, all of these ionic and metabolic changes have been reported to 
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contribute to the loss of force in the uterus during metabolic inhibition (Wray, Duggins et 
al. 1992; Crichton, Taggart et al. 1993; Heaton, Wray et al. 1993). 
 Hypoxia also significantly reduces the contractile activity produced by 
depolarization or by agonists (carbachol, oxytocin or prostaglandin) (Earley and Wray 
1993; Taggart, Menice et al. 1997). Nevertheless, the effect of hypoxia on agonist-
induced uterine contraction is much less than on spontaneous activity. Furthermore, 
some force is produced when agonists are applied to a metabolically inhibited uterine 
preparation and it is not understood how this force is produced (Earley and Wray 1993). 
In addition, dissociation between calcium and myofilaments during tonic contraction was 
also reported during hypoxia, which suggested a direct inhibition of myofilaments by 
hypoxia (Monir-Bishty, Pierce et al. 2003); and this could be due to the significant drop in 
pHi that occurs during metabolic inhibition (Wray 1990; Taggart and Wray 1995). 
 
1.6.4.7.2 Hypoxic Episodes during Labour  
As shown in figure 1-3, the small uterine blood vessels pass deeply between the 
myometria, and during myometrial contraction, these vessels are transiently occluded. 
Uterine contractions are strongly associated with periods of transient and repeated 
hypoxic episodes which occur with contractions (Assali, Dasgupta et al. 1959; Greiss Jr 
1965). However, the decrease in uterine blood flow (and hence hypoxia), is proportional 
to the magnitude and duration of uterine contractions (Assali, Dasgupta et al. 1959).  It 
has now become evident that hypoxia or ischaemia can decrease or inhibit muscular 
contraction in many smooth muscles including the uterus (Wray, Duggins et al. 1992; 
Earley and Wray 1993; Huang, Chowdhury et al. 1993; Sward, Josefsson et al. 1993; 
Aalkjaer and Lombard 1995; Taggart and Wray 1995). This is to inhibit further force 
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production and aid relaxation. However, previous studies investigating the effect of 
hypoxia in the uterus have been performed only for one episode of hypoxia and although 
this produced clear effect it was not the best model representing what happen during 
labour, as intermittent uterine artery occlusion and hence transient hypoxic episodes 
would be repeated many times as they occur during uterine contractions. 
 It has been found that strong uterine activities during labour are associated with 
decreased foetal cerebral oxygen saturation and are likely to cause foetal hypoxia 
(Peebles, Spencer et al. 1994). When uterine contractions exceed 30 mmHg, this could 
compress the small uterine vessels supplying both the myometrium and placenta which 
could strangulate the placental perfusion leading to foetal acidosis (Fleischer, 
Anyaegbunam et al. 1987; Brar, Platt et al. 1988). Furthermore, it has been shown that 
the mean average uterine pressure is between 85- 90 mmHg (Bakker, Kurver et al. 
2007) and maternal push could add extra intrauterine pressure resulting in further 
occlusion to the uterine blood vessels and hence less blood (and hypoxia) to the 
myometrium and placenta (Bakker, Kurver et al. 2007). Recently, Quenby et al. (2011) 
have found that myometria from women who have had a Caesarean section (CS) for 
foetal distress contracted with greater force than myometria from any other indications 
for CS (Quenby, Matthew et al. 2011). 
 
 In the light of the above facts it is unclear why the uterine contractions from 
labours associated with foetal acidosis that are so large and strong as these should have 
produced the most ischaemia and hypoxia to the uterus. Furthermore, it is puzzling that 
the previous studies showed that single episode of hypoxia or ischaemia decreased 
uterine contraction and hence improved foetal perfusion (Earley and Wray 1993). The 
effect of chronic hypoxia may differ from the effect of transient hypoxia as the former 
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decreased and the latter may increase the contractility. Also the effect of repeated 
episodes of transient hypoxia differ from single episode of hypoxia as it has been 
demonstrated in different tissues that the effects following repeated episodes of transient 
hypoxia differ from the effects after a single hypoxic episode (Yang and Mehta 1995; 
Waters, Beardsmore et al. 1996; McColm, Geisen et al. 2004). 
 
1.7  Hypoxic/ Ischaemic Preconditioning   
 In 1986, Murry et al described a classic phenomenon or process termed 
“ischaemic preconditioning’’ for the first time. They carried out a study to investigate the 
effect of brief and multiple episodes of ischaemia on cardiac muscle infarct size in two 
groups. The first group received four cycles of five minutes coronary artery occlusion 
separated by five minutes reperfusion and then subjected to forty minutes prolonged 
ischaemia. The other control group received only prolonged forty minutes coronary 
artery occlusion. Interestingly, the first “preconditioned” groups showed reduced infarct 
size to 25% and had a  better function compared to the control group and from this study 
the phenomenon of ischemic preconditioning arose (Murry, Jennings et al. 1986). The 
term “hypoxic preconditioning’’ was then proposed in 1992 by Professor H.F. Downey 
and co-workers to show that preconditioning by repeated hypoxic episodes could also 
improve cardiac function and decrease the infarct size as in preconditioning by 
ischaemic episodes (Shizukuda, Mallet et al. 1992). 
Therefore, hypoxic or ischaemic preconditioning can be defined as a 
phenomenon in which multiple but transient episodes of hypoxia o r ischaemia may 
render the organ more resistant and tolerant to the subsequent prolonged or lethal 
hypoxia/ ischaemia. There is no standard protocol for hypoxic preconditioning but it has 
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been found that 3-5 episodes of transient hypoxia lasting from 2-10mins and separated 
by 5-10mins re-oxygenation would be sufficient to trigger the effect of preconditioning 
(Park, Nagase et al. 2007; Lukyanova, Germanova et al. 2009). 
 Hypoxic/ ischemic preconditioning has been identified in many organs such as the 
heart (Lasley, Anderson et al. 1993), skeletal muscles (Pang, Yang et al. 1995), kidneys 
(Kirpatovskii, Kazachenko et al. 2007), brain (Sharp, Ran et al. 2004), liver (Yin, Sankary 
et al. 1998),  retina (Özbay, Özden et al. 2004), lungs (Soncul, Öz et al. 1999), pancreas 
(Dembiński, Warzecha et al. 2003) and recently in the spinal cord (Liang, Lu et al. 2012). 
These studies have found different beneficial effects following repeated episodes of 
transient hypoxia/ ischaemia as the final outcome was the improvement of the function of 
the organs compared to the single prolonged hypoxia/ ischaemia. 
 In addition to those tissues, hypoxic or ischaemic preconditioning has also been 
identified in a number of smooth muscle cells such as the urinary bladder (Lorenzi, 
McMurray et al. 2003), intestine (Aks yek, Cinel et al. 2002), stomach (Bobryshev, 
Bagaeva et al. 2009), and smooth muscles of blood vessels (Parratt and Vegh 1999; 
Deplanque, Bastide et al. 2000; Kužner, Drevenšek et al. 2004). There are no studies in 
the literature on uterine smooth muscles. Furthermore, preconditioning does not only 
decrease the infarct size but can also improve post-hypoxic contractile recovery in 
cardiomyocyte (Cohen, Liu et al. 1991; Lasley, Anderson et al. 1993) and skeletal 
muscles (Kohin, Stary et al. 2001; De Groot, Thijssen et al. 2010).   
Hypoxic preconditioning of the uterus can be described as brief and multiple 
episodes of hypoxia separated by periods of re-oxygenation, which can mimic 
intermittent uterine contractions and relaxation that occur during labour.  
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1.8  Aims of My Thesis 
 In this thesis, I will investigate the hypothesis that repeated episodes of transient 
hypoxia and re-oxygenations may increase uterine contractility and result in ‘’hypoxic 
preconditioning phenomenon’’.  As this phenomenon has not been established in uterine 
tissue, the aims of my study were: 
 To establish the effect of repeated episodes of different hypoxic durations on 
spontaneous uterine contractility in a term-pregnant rat uterus. 
 
 To establish the effect of repeated episodes of 5mins hypoxia on rat uteri from 
different gestational stages. 
 
 To establish the effect of repeated episodes of hypoxia on OT-induced uterine 
contractility in rat uteri from different gestational stages. 
 
 To establish the effect of repeated episodes of transient hypoxia on uterine 
contractility in humans. 
 
 To investigate the mechanisms underlying the increase in contractile activity 
during hypoxic preconditioning in a term-pregnant uterus. 
 
 To determine the effect of repeated episodes of transient hypoxia on intracellular 
calcium transients in a term-pregnant uterus. 
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Chapter 2  
General Materials and Methods 
 
This chapter will give a general description of the apparatus, methods   
and materials used in the work performed in this thesis. Each individual chapter will 
give details of the additional specific method used in this work. 
2.1 Animals and Tissue Preparation 
 
2.1.1    Animal Tissue Ethics and Regulation 
 Animal tissues were handled and collected in accordance with the UK Home 
Office guidelines under the UK Animals (Scientific Procedure) Act 1986. All 
animals were anesthetised under CO2 inhalation and were humanely killed by 
cervical dislocation according to schedule 1 procedure, and in accordance with 
University of Liverpool regulations, United Kingdom.  
 
2.1.2    Animal Housing 
 Only female wistar rats (Charles River, UK), were used in the work 
performed in this thesis. Animals were individually housed in open and 
conventional cage and were on a 12/12 hour light/dark cycles (7am to 7pm), with 
access to standard laboratory food; CRM pelleted containing 0.83% calcium (SDS 
Ltd, UK), and animals were provided with water ad libitum. Room temperature was 
kept at 21⁰C ± 2⁰C, and the humidity was relatively kept between 40-55% as 
dictated by home office regulations, UK. 
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2.1.3    Uterine Tissues 
The primary tissue types used in this thesis were animal uterine strips. 
Animal uterine tissues were obtained from wistar rats of non-pregnant (weighing 
175-200g, age of approximately 6-8 weeks), 18-day pregnant, term-pregnant (22 
days gestation), or labouring. (Parturition in rats occurs between days 22 to 23 of 
gestation). In some experiments, human myometrial strips with ethical approval 
were used in part of this thesis. These human biopsies were obtained with full 
consent from women undergoing Caesarean section (CS), either electively before 
they were in labour or, emergency when they were in labour. Ethical approval was 
sought and granted for this study (Appendix 1), after submitting an application to 
the Myometrial Research Tissue Bank (MRTB) in Liverpool Women’s Hospital 
(LWH) (Appendix 2). After successful application to the MRTB, access to the tissue 
bank was granted to request myometrial tissue specific to my project, to be carried 
out in our laboratory (appendix 1). Relevant clinical details (e.g. age, parity, etc.) 
will be given in the appropriate result chapter.  
2.1.4    Collection and Storage 
The uterus was removed from rats and immediately placed in a buffered 
physiological saline solution (Kerbs’) that contained (mM) [NaCl 154, KCl 5.6, 
MgSO₄7H₂O 1.2, HEPES 10.9, Glucose 8, and CaCl₂ 2], pH was adjusted to 7.40.   
The tissue was either used immediately for experimentation, or stored at 4⁰C for 
overnight and used the following day. This did not change the contractile ability of 
the uterus, and there was no difference between tissues used immediately and 
those used the following day (Kawarabayashi, Kishikawa et al. 1989)(and also our 
own observation in our laboratory). 
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2.1.5   Dissection 
After isolating the uterine tissues from the rats, the tissue was placed in a 
clean shallow dissecting dish that contained Krebs’ solution at a room temperature 
under a microscope (Micro Instruments Ltd, Oxford) for fine dissection.  
Fat, excess blood, remaining placentas and any connective tissues were 
carefully removed. Six or seven of longitudinal uterine strips with dimension of 
approximately 2×10mm (width × length) and weighing approximately 17mg were 
dissected. Extra care was taken to ensure that each strip contained the three 
uterine layers; the endometrium, the myometrium and the perimetrium, thus the 
data obtained are representative of the response of the whole uterus. However, in 
some experiments, the uterine tissue was dissected into just longitudinal 
myometrium, so that the results on muscle could be compared with those on intact 
uterus.  Each strip was tied up with surgical silk thread in preparation for mounting 
in organ bath. Once dissection was completed the strips were placed in a clean 
cups containing buffered Krebs’ solution for isometric force measurement 
(described below). 
2.2  Isometric Force Measurement in Organ Bath 
The uterine strips were mounted vertically in a 5 ml organ bath (Linton 
Instruments, UK), containing buffered Krebs’ solution using surgical silk thread that 
attaching their bottom end to a fixed hook and their top end to an isometric force 
transducer (Letica Scientific Instrument, LSI).  The strips were perfused continually 
with Krebs’ solution at the rate of 4 ml/min by using peristaltic pump (Rainin 
Instrument Co., USA),  and the temperature was adjusted and maintained at 37⁰C 
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throughout the entire experiment using Thermostatic bath (Grant Instruments Ltd, 
Cambridge) (Figure 2-1). 
The  strips were then placed under 1 g resting tension and were allowed to 
equilibrate in normoxic solution bubbled with 100% O₂ for at least one hour before 
the experiments begun.  
 
 
 
 
Figure 2-1: Organ bath set up.  
Diagram showing how uterine strip was mounted in an 
organ bath for isometric force recording. 
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In some experiments, oxygen tension of the bathing solution was measured 
close to the contracting tissue, using O₂ micro-sensor probe, OXYMICRO, (World 
Precision Instruments, UK), that had been calibrated with 100% Na₂SO₃ and 100% 
O₂ solutions according to the manufacture’s guidance. Briefly, two separate 
vessels were used to calibrate the microsensor. One vessel was prepared in 
oxygen-free water (cal 0) after dissolving one gram of Na2SO3 in it to remove any 
trace of oxygen in the vessel. The other vessel was prepared in a water-vapour 
saturated air (cal 100). For calibration purposes, the lid in both vessels was closed 
and a small hole was drilled through the lid in both vessels. The microsensor 
oxygen probe was inserted carefully in each vessel through the tiny holes and was 
calibrated using the software as in 0% and 100% air saturation. 
 
 
Figure 2-2: An example of how the oxygen microsensor was calibrated.  
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A typical recording of simultaneous uterine contractions and oxygen tension 
is shown in figure 2-3 below. 
 
Figure 2-3: A recording of simultaneous measurement of uterine 
contraction and oxygen tension in a term-pregnant rat uterus. 
Oxygen tension was maintained above 95% during normoxia and then 
dropped below 5% when bubbled with 100% Nitrogen (bottom trace) which 
accompanied by a decrease in uterine force (top trace). 
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2.2.1   Calibration of Force 
The electrical signals from the force transducer were amplified and then 
converted to digital signal recorded on the computer using DataTrax V.2 software 
(World precision instruments, Inc., USA). In order to calibrate the force in Newton, 
comparison of force traces recorded to the traces obtained from a known amount 
of force was applied. To achieve this, a known weight was suspended onto the 
force transducer and the values were converted to a force using the equation: N= 
kg.ms-² where 1kg = 9.8N and hence 1g=9.8mN. 
 
2.3  Experimental Protocol 
2.3.1    The Effect of Transient Repeated Episodes of Hypoxia on 
Spontaneous Uterine Contractility  
To determine the effects over several hours, it was essential that stable 
activity after obtaining steady spontaneous uterine contractions was maintained for 
at least 30 minutes in order to change the normoxic medium (bubbling with 100% 
O₂) to a hypoxic medium bubbling with 100%  Nitrogen (N₂). 
For most experiments the effect of transient repeated episodes of 2, 5 and 
10 minutes hypoxia was investigated by having the tissue bubbled with 100% N2 
and, after each hypoxic episode, the tissue was returned to normoxic solution for at 
least 30 minutes before repeating hypoxic episodes to allow complete recovery. 
Paired control experiments were performed for most protocols by allowing another 
uterine strip to contract in normoxic medium bubbled with 100% O₂ in a parallel 
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experiment to observe any changes in uterine activities during the duration of the 
experiments.  
As stability of contractile activity was vital to these protocols, I excluded 
those preparations where activity during the control period (for experimental or 
paired controls) was declining over time, or when the contractions became 
infrequent after long time or unsteady. As shown in figure 2-4 many uterine 
preparations would produce very stable contractile activity for many hours. 
 
 
 
Figure 2-4: Control spontaneous uterine activity. 
The isolated uterine tissue is able to produce frequent and regular 
spontaneous contractions for several hours when placed in optimal 
environment (e.g. perfused with physiological saline solution, bubbled 
with O2 at 37⁰C). 
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2.3.2     The Effect of Transient Repeated Episodes of Hypoxia on Uterine 
Contractility Induced By Oxytocin  
After obtaining steady spontaneous uterine contractions in 100% O₂, the 
tissue was stimulated with 5nM Oxytocin (OT) and was allowed to equilibrate for at 
least 30 minutes under OT stimulation. Once the contractions became stable and 
steady, the medium was then changed to a hypoxic one with OT for 5 minutes and 
then returned back to normoxia with OT for at least 20-30mins, to allow the tissue 
to recover. Furthermore, the effect of hypoxic episodes was repeated 4-5 times 
separated by recovery periods with OT present throughout. 
 
2.3.3    The Effect of Transient Repeated Episodes of Hypoxia on Rat 
Uterine Contractility Induced By High Potassium Chloride (KCl) 
To establish if hypoxic preconditioning involves L-type Ca²⁺, uterine tissues 
were depolarized with 60mM KCl for 10 minutes and the effect of multiple episodes 
of 5 minutes hypoxia were investigated.  
 
 Some protocols in this thesis are different from the above, and for clarity 
each specific protocol will be explained in a relevant individual chapter. 
 
2.3.4   Sample Size in this Thesis 
The sample size is the number of uterine strips used one from each rat or human. 
During the application of repeated episodes of transient hypoxia, most uterine 
strips produced contractile activity where the n number was high at the beginning 
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of experiments. In some experiments, the contraction in some uterine strips 
became irregular/ infrequent for long time after the application of 3-4 hypoxic 
episodes, so the effect of subsequent hypoxic episodes and recovery in these 
strips could not be investigated. For this reason there is a variation in the number 
of the hypoxic episodes applied in different uterine strips.  
The samples size varies in any given experiment in this thesis. In general, the aim 
was to do the experiments by using as large a number as needed for significance 
but for the guidelines set by the UK home office legislation to be upheld. For this, it 
is very important therefore to kill the least animal as possible if the effect is clear 
after few n numbers. In addition, I tended therefore to use higher n number from 
different gestation in rats to confirm that the effect is statistically different in 
different gestations. However, if the effect which was going to be tested on the 
term-pregnant rat (e.g. drugs) is clear after 4-5 rats then there was no need to 
increase the n number as I have already confirmed that the mechanism was in this 
type of uterine tissue (e.g. term-pregnant) and it was interesting to carry on doing 
further investigations. 
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2.4    Measurements of Simultaneous Force and Calcium 
 
Calcium is the major determinant of smooth muscle contractility. Some of 
the work performed in this thesis has examined both the changes in myometrial 
contractility and changes in intracellular calcium transient. 
2.4.1   Dissection of Myometrial Strips  
The dissection of myometrial strips for calcium signalling experiments was 
different from the dissection for organ bath experiments. Here, a very small 
myometrial strips without any endometrial or perimetrial layer were dissected. A 
small portion of the uterus was laid out in the dissection dish containing Krebs’ 
solution and gently opened out and laid flat in the dish. The endometrial side was 
at the bottom facing the dish and making sure the perimetrial side is facing up. The 
surface of the uterine tissue was gently cleaned by cotton buds to remove any 
excess blood, placentas and perimetrial layer. Longitudinal myometrial strips with 
dimension of approximately 1-2 mm × 1 mm × 5-8 mm (width× thickness × length), 
were dissected under the microscope (Micro Instruments Ltd, Oxford), avoiding 
any underlying circular smooth muscles or any endometrial layer.  
2.4.2     Loading the Uterine Strips with Membrane Permeable Calcium 
Indicator 
Changes in intracellular calcium concentrations [Ca2+]i were monitored by 
using a commonly used fluorescent calcium indicator, Indo-1 acetoxymethyl ester 
(Indo-1AM, Molecular Probes, Oregon, USA). This dye can fluoresce at a two 
wavelengths when bound to calcium (400nm), and when free from calcium 
(500nm). Increasing intracellular calcium concentration increases the emission of 
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light at 400nm and reduces emission at 500 nm. Therefore, the ratio of the two 
wavelengths (F400/500) is used as an indicator of intracellular calcium changes. 
This form of Indo-1 is permeable through the cell membrane, and once in 
the cytoplasm, the non-specific cellular esterases cleave the AM esters which 
release free acids from the dye which remain trapped in the cell’s interior. For the 
loading purposes with Indo-1/AM, 1 mM stock solution was made by dissolving one 
vial of Indo-1/AM (50µg) in 50µl of DMSO that contained 25% by weight non-ionic 
detergent pluronic acid (F-127, Sigma-Aldrich, USA) to ease dispersal of the AM 
esters in aqueous solution. From the stock, 50µl was added to 4ml of Krebs’ 
solution and mixed thoroughly which created 12.5µM solution. Dissected 
myometrial strips were placed in this solution and incubated at room temperature 
for approximately 3-4 hours on a rotating platform or incubated overnight at 4 ⁰C 
and carefully protected from the light. Previous studies from our laboratory showed 
that loading samples with indo-1AM did not affect the contractile activity of the 
myometrium (Luckas, Taggart et al. 1999; Kupittayanant, Burdyga et al. 2001). 
 
2.4.3    Simultaneous Measurements of Calcium and Force 
After loading, the myometrial strips were transferred into a clean pot 
containing Krebs’ solution and were allowed to de-esterify for at least 10 minutes 
before the beginning of experiments. Strips were then transferred back into a 
dissection dish and have their ends clipped very carefully by aluminium foils 
(Figure 2-5). 
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Figure 2-5: The approximate size of myometrial strip 
used for calcium signalling experiments. 
~ 2×8mm or even less of longitudinal myometrial strip 
was used with foil clips attached to both ends. 
 
 
 
The tissues were taken to a darkened room in which all calcium experiments 
were performed in. The strips were then placed into a 1ml bath chamber above an 
inverted microscope (Nikon Diaphot, World precision Instruments Ltd.) and viewed with 
20× power fluor objective lens. The strips were fixed in place by one end attached to a 
fixed hook and the other end to a force transducer. This transducer was connected to a 
data acquisition system including, Axoscope software, that recorded the myometrial 
contractions and also the output from the photomultiplier tubes (PMT) for Indo-1 ratio 
measurement.   
 
Before beginning the experiment, the strips were stretched to a resting tension of 
2mN as a standard resting tension and were allowed to equilibrate for at least 30-
45 minutes. The bath was superfused with Krebs’ solution (pH 7.40) at a rate of 
1ml/min at 37 ⁰C.  
 
70 
 
The objective of the inverted microscope was focused onto the myometrial strip 
which was then excited with a light of wavelength 340nm by UV illumination from a 
xenon lamp. Emitted light collected at the wavelength of 400nm and 500nm by PMT 
was digitally recorded using Axoscope software (Figure 2-6).  
 
The changes in intracellular calcium transient which precede the myometrial 
contraction were measured by the changes in Indo-1/AM ratio that was accompanied 
by a shift in the opposite direction of both 400nm and 500nm emission signals. This 
was calculated by the software and displayed on the screen. Figure 2-7 shows an 
example of simultaneous recording of myometrial contractions accompanied by 
changes in Indo-1/AM ratio. 
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Figure 2-6: Schematic diagram for the apparatus used for simultaneous measurement of 
force and calcium.  In order to excite the calcium fluorescent dye (indo-1), ultraviolet illumination 
(UV) is provided by a xenon lamp (1). Both thermal filter (2) and neutral density filter (3) are placed in 
the path of the light to reduce the excessive heat and the intensity of excitation light, respectively. The 
appropriate excitation wavelengths are selected by using an interference filter (4) centred at 350nm. 
Electromechanical shutter (5) was placed in the excitation path to keep the illumination time of the tissue 
to the minimum. The excited light hits the dichroic mirror (DM1) and then reflected and directed upwards 
onto the indo-1 loaded myometrial strip through the focused microscope objective (6). The emitted light 
by the fluorescent indicator is then passed back through the objective and transmitted by the DM1 and 
then reflected by the sliding mirror and directed by the use of adjustable diaphragm (7). The light then 
hits the dichroic mirror (DM2) mounted at 45⁰ that directs the longer wavelength emitted light (>610nm) 
to form an image on a video camera which basically relays the image to monochrome monitor and the 
shorter wavelength light is split by the 450nm dichroic mirror (DM3) and passes to either 500nm or 
400nm photomultipliers (PMTs) (8) and in front of each PMT there is an emission filter centred at the 
appropriate wavelengths (9).  A long pass filter (10) is placed in front of microscope light (11) to avoid 
interference from microscope light with the fluorescence measurement.   
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Figure 2-7: A typical recording of simultaneous measurement of force 
and intracellular calcium using the indo1/AM loading indicator in a 
pregnant rat myometrium. 
The top black trace represents myometrial contractions (force), the green 
trace is the emission at 500nm signals and, the blue trace represents the 
emission recorded at 400nm. Note that during myometrial contractions both 
emission traces move in opposite direction. The bottom red trace is a ratio of 
the two emission wavelengths (F400/F500), which represents the changes in 
intracellular calcium, which are accompanying the myometrial contractions. 
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2.4.4    Hypoxia, pH and calcium signalling 
 Great effort was made to set up the calcium spectrophotometry rig for 
hypoxia. To make sure that hypoxia was induced properly inside the bath chamber 
(1ml), N2 gas was bubbled into a separate beaker which contained normal Krebs’ 
solution and covered firmly by double parafilm (Sigma Aldrich, UK). Moreover, to 
make sure that no O2 is present in the solution, 0.1mM sodium dithionite was 
added to the solution to remove any traces of O2 from Krebs’ solution. Parallel to 
this, N2 was also bubbled directly into the bath chamber using a very fine needle 
that was inserted into the bathing chamber. Extra care was taken not to touch the 
tissue with the needle and also to avoid extreme bubbling as this may cause 
disruption of calcium signalling. After setting up this technique, hypoxia was 
induced by superfusing the tissue with the hypoxic solution with simultaneous 
bubbling into the bath chamber for at least 10mins to make sure that the effect of 
hypoxia has taken place. The effect of hypoxia was repeated 2-3 times. Hypoxia in 
the bath was tested in some experiments by using the oxygen electrode detailed 
earlier. In some experiments changes in pH was investigated to determine the 
effect of external acidification (pH 6.9) or alkalinisation (pH 7.9) on calcium 
signalling and also on the recovery periods.  
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2.5   Measurement of Contractile Parameters and Statistical 
Analysis  
 
Data were obtained from uterine strips that were allowed to equilibrate and 
were generating stable contractions for at least 60 minutes to allow a sufficient 
control period of similar contractile parameters. Four parameters were analysed 
during control and treatment periods (e.g. force amplitude, duration, frequency, 
and area under the curve), and the analysis of these parameters was carried out in 
Origin Pro Software (Version 8.1). 
 
The force amplitude of uterine contractions (mN) was determined by 
averaging the last 5 contractions in normoxic medium, before hypoxia (control 
period), and during all re-oxygenation (recovery) periods, after each hypoxic 
episode. This was done by measuring the value of the baseline of each contraction 
and subtracting it from the value of the peak of such contraction.  
 
 The frequency of contractions was measured, over 10 minutes time, during 
control and all recovery periods. The duration of contraction is represented by how 
long each contraction lasts for (in minutes) and was measured at half-maximal 
height of contractions. 
 
 The force integral or the area under the curve (AUC) of uterine contractions 
(representing the overall uterine activity) was measured, during the last 10mins of 
control, and compared with the last 10mins during different recovery periods (e.g. 
recovery 1, recovery 2, etc.), and was also measured and compared between 
hypoxic episodes (e.g. episode 1, episode 2, episode 3, etc.) for each hypoxic 
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duration (e.g. 2 min, 5 min, and 10 min). Because the duration of hypoxic episodes 
was short and because of the irregularity of contractions or even absence of 
contractions during hypoxia, only AUC was measured to avoid bias and to obtain 
accurate measurement during hypoxic episodes.    
 (An illustration of how contractile parameters were measured and obtained is 
shown in Figure 2-8). 
 
All those parameters (i.e. amplitude, frequency, duration, and AUC) were 
measured accurately and normalised against percentage of control (100% control). 
In the results, for the repetitive hypoxic experiments, data obtained during 
successive hypoxic exposures are referred to as episode 1 (E1), episode 2 (E2), 
etc. Each period of re-oxygenation is referred to as recovery 1 (R1), recovery 2 
(R2), etc.  
Basically, the last five contractions in the control and recovery periods were 
selected and analysed. Extra care was taken during the analysis to ensure that 
these activities occurred while the tissue was in the oxygenated  solution and these 
were marked accurately during the experiments. As a protocol in our lab, only the 
last successful five contractions during recovery periods were chosen, however, in 
few tissues contractions were regular but one long and one short, so analysis was 
performed by choosing the last five long contractions only in each recovery period.  
 
Data are presented as Mean± SEM using Paired or Unpaired Student`s t-test 
for comparing two groups and Bonferroni ANOVA test for comparing more than 
two groups. A level of P < 0.05 was accepted as statistically significant. (n) is the 
number of uterine strip, one from each animal. 
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Figure 2-8: Measurement of uterine contractile parameters. 
Contraction amplitude is represented by the height or peak of 
contraction (A). The contraction duration is represented by how long 
each contraction lasts for (minutes) and was measured at half-height of 
a single contraction (B). The contractions frequency is represented by 
the number of contractions occurring over 10minutes period (C). The 
force integral (AUC) was obtained by measuring the overall contractile 
activity occurring over 10minutes time (red-filled area in D). 
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2.6 Solutions and Chemicals 
 
All chemicals used for making experimental solutions were obtained from 
Sigma (Dorset, UK) unless otherwise stated.  
 
2.6.1   Physiological Saline Solution (Krebs’ Solution) 
  Fresh Kerbs’ solution was prepared on a daily basis. 
Standard physiological saline solution (Krebs’) was prepared on the following 
composition:  
Physiological salt solution (Kerbs’) M.W mM g/L 
Sodium Chloride (NaCl) 58.44 154 9.0 
Potassium Chloride (KCl)                                  74.55 5.6 0.42 
Magnesium Sulphate (MgSO₄7H₂O)                  246.47 1.2 0.29 
HEPES Buffer (HEP)                                         238.30 10.9 2.6 
Glucose (D-(+)-Glucose)                                                   180.16 8 1.44 
Calcium Chloride (CaCl2)                                  110.98 2 2 ml 
 
The pH of the solution was adjusted to 7.40 using sodium hydroxide (NaOH). 
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2.6.2    High Potassium Krebs’ Solution 
High K+ solution was prepared fresh on the day of experiments and was 
made by isosmotic replacement of NaCl with KCl:  
      Sodium Chloride (NaCl)                                   100mM                  5.84g/l 
      Potassium Chloride (KCl)                                 60mM                    4.47g/l 
Otherwise, the compositions were exactly the same as Krebs’ solution 
  
2.6.3   Other Solutions  
 
Acidic Krebs’ Solution: This was made exactly the same as Krebs’ solution but 
the pH of the Krebs’ solution was adjusted to 6.9 using hydrochloride (HCl). 
Alkaline Krebs’ Solution: This was made exactly the same as Krebs’ solution but 
the pH of the Krebs’ was adjusted to 7.9 using sodium hydroxide (NaOH). 
Zero Calcium Solution (0mM Ca2+): This was prepared by omitting CaCl₂ from 
the Krebs’ solution and adding 1mM Ethylene glycol-bis(2-aminoethylether)-
N,N,N',N'-tetraacetic acid  (EGTA) as a calcium specific-chelating agent to further 
reduce any extracellular free calcium in the solution.  
The temperature of all solutions was maintained at 37⁰C during all experiments. 
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2.7    Drugs and agents 
All drugs used in this thesis were obtained from Sigma Aldrich, UK unless 
stated otherwise. 
 
 Oxytocin 
Oxytocin is a powerful hormone used commonly in clinical practice to induce 
labours.  It was dissolved in distilled water (dH₂O) at a concentration of 100µM 
stock and then aliquoted into small vials to minimise freezing-thawing cycles and 
stored at -20⁰C until used. 5nM final working concentration for experiments was 
obtained by diluting the stock with Krebs’ solution. This concentration has been 
found to give optimal response to uterus (Bernal, Soler et al. 1989), as I also found 
that this concentration stimulated the uterine strips to generate regular phasic 
contractions for several hours and increasing this concentration to 10nM produced 
tonic contractions in some strips. 
 
 Adenosine 5’-triphosphate disodium salt hydrate (ATP), Grade I, ≥99% 
ATP was used at a concentration of 1 mM in all experiments. This was 
produced by dissolving 110.22mg of ATP (MW 551.14) per 200ml of Krebs’ 
solution. This concentration has been found to cause optimal uterine activity in rats 
(Miyoshi, Yamaoka et al. 2010). 
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  (8-Cyclopentyl-1,3-dipropylxanthine (DPCPX)) 
DPCPX is a selective A1 adenosine receptor antagonist. It was dissolved in 
Dimethyl sulfoxide (DMSO) to produce 2 mM stock solution and then aliquoted into 
small vials to minimise freezing-thawing cycles and stored at -20⁰C until used. 200 
nM working concentration was used for experiments by diluting the stock with 
Krebs’ solution. This concentration has been found to significantly block the 
protection effect of ischaemic preconditioning in myocardium (Liu, Jacobson et al. 
1996; Carr, Hill et al. 1997). 
 (8-(p-sulfophenyl) theophyline) (8-SPT) 
 8-SPT is a non-selective adenosine receptors antagonist. It was used at a 
concentration of 50 µM in all experiments. This was produced by dissolving 
16.8mg of 8-SPT (MW 336.32) per 1L of Krebs’ solution. This concentration has 
been found to abolish the protective effect conferred by preconditioning in 
myocardium (Headrick 1996). 
 Indomethacin  
 Indomethacin is a non-selective inhibitor of prostaglandin biosynthesis. It 
acts by inhibiting both cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) 
enzymes that are essential for prostaglandin production. It was dissolved in DMSO 
to produce 100mM stock solution and then stored at room temperature (RT) 
according to manufacturer’s guides. 10 µM working concentration was used for 
experimentation by diluting the stock with Krebs’ solution. This concentration was 
chosen very carefully that should have the maximum effect on COX but without 
affecting the overall uterine activity (Anderson, Kawarabayashi et al. 1981; 
Cantabrana, Fernandez et al. 1991).  
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  Nimesulide 
Nimesulide is a selective and potent inhibitor of cyclooxygenase-2 (COX-2). It 
was dissolved in DMSO to produce 100mM stock concentration and then stored at 
room temperature (RT) according to manufacturer’s guides. 5µM working 
concentration was used by diluting the stock solution with Krebs. At the beginning I 
was trying to choose a concentration which could maximally block the COX-2 
pathway without affecting the overall uterine activity. I tried 5, 10, and 15 µM 
Nimesulide on uterine contractions and I found that a concentration of 10µM and 
more would decrease the contractions progressively (Sawdy, Knock et al. 2009). 
However, application of 5 µM did not affect the overall uterine activity for several 
hours. 
 
 (A-438079 hydrochloride hydrate)  
A-438079 hydrochloride hydrate is a selective P2X7 purinoceptor antagonist. It 
is known to selectively block P2X7 receptor without affecting other receptors.  It was 
dissolved in distilled water (dH₂O) to produce 10mM stock solution and then 
aliquoted into small vials to minimise freezing-thawing cycles and stored at -20⁰C 
until used. 5µM working concentration was used for experimentation by diluting the 
stock solution with Krebs’ solution. It has been found that blocking P2X7 receptor by 
1µM (A-438079) significantly decrease the ATP-induced current by 40% in 
pregnant rat and increasing the concentration to 100µM decreased the current to 
70% (Miyoshi, Yamaoka et al. 2010). So, in my experiments, I wanted to block the 
P2X7 receptors without causing complete abolition of uterine activity induced by 
ATP, therefore, I decided to use 5µM working concentration. 
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 Atosiban 
Atosiban is a peptide oxytocin receptor antagonist. It was dissolved in distilled 
water (dH₂O) to produce 1mM stock solution, it was then aliquoted into small vials 
to minimise freezing-thawing cycles and stored at -20⁰C until used. 5µM working 
concentration was used for experiments by diluting the stock solution with Krebs. 
At the beginning I was trying to find the best physiological concentration of 
Atosiban that should block the OTRs but not affecting the spontaneous uterine 
activity. I found that application of 10µM Atosiban completely abolished the uterine 
activity induced by OT. This was consistent with previous finding in pregnant and 
non-pregnant rat myometrium (Zhou, Lutz et al. 2007). Consequently, I decided to 
use 5µM final working concentration of Atosiban in my experiments to block the 
OTRs but not affecting the overall uterine activity. 
 
Niflumic acid 
Niflumic acid is a selective blocker for calcium-activated chloride channel 
(Clca). It was dissolved in DMSO to produce 100 mM stock solution, it was then 
aliquoted into small vials to minimise freezing-thawing cycles and stored at -20⁰C 
until used. 5µM working concentration was used for experiments by diluting the 
stock solution with Krebs. It has been found that a concentration of 10µM or higher 
of Niflumic acid significantly decreased the OT-induced uterine activity in pregnant 
rat (Jones, Shmygol et al. 2004). For this reason I was trying different 
concentrations of Niflumic acid ranging from 5-10µM and I found that 5µM did not 
affect the overall uterine activity for several hours but increasing the concentration 
from 6-10µM progressively decreased the force amplitude. Therefore, 5µM seems 
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the best concentration to work with that could maximally block the ClCa channels 
without affecting the overall uterine activity. 
 
U-73122 
U-73122 is a selective and potent inhibitor for phospholipase C (PLC) and it was 
obtained from Calbiochem®. It was dissolved in DMSO to produce 2 mM stock 
solution and was then aliquoted into small vials to minimise freezing-thawing 
cycles and stored at -20⁰C until used. 10µM working concentration was used for 
experiments by diluting the stock solution with Krebs. At a start, I was testing 
different concentrations of U-73122 on OT-induced uterine contractions. I found 
that a concentration of 15µM of U-73122 or higher to decrease the force amplitude 
and that 10µM is the best concentration that blocked the PLC without affecting the 
overall uterine activity. In addition, 10µM of U-73122 has been shown to abolish 
the protective effect of preconditioning in myocardium (Parsons, Young et al. 
2000). 
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Chapter 3  
Hypoxic Preconditioning in the Uterus 
 
3.1     Abstract   
 
 Transient hypoxic episodes occur during labour contractions due to the 
occlusion of uterine vessels supplying the uterus; nevertheless labour 
progresses and contractions increase. In this chapter, the effect of repeated 
transient episodes of hypoxia was investigated in vitro as a first attempt to 
establish what happens to uterine contractions after each hypoxic insult. 
Longitudinal uterine preparations were isolated from term-pregnant rats (22 
day gestation) and were studied in vitro using organ bath technique.  Different 
hypoxic durations (2, 5 and 10mins) were tested on spontaneous uterine 
contractions. In this chapter, the results showed that repeated episodes of 
transient hypoxia rendered the uterine tissue more tolerant to subsequent 
hypoxia and increased the contractile activity compared to before hypoxia. It 
was found, also, that prolonged hypoxia (for 40mins) did not lead to increased 
contractile activity during recovery but challenging the tissue with transient 
episodes of hypoxia before prolonged hypoxia could still increase 
contractions. I found, also, that the increase of force amplitude continued 
increasing until around the 6th hypoxic insult. In addition, I demonstrated that 
the rebound increase in force amplitude after hypoxic episodes was not 
transient and the duration of the elevation of force amplitude was maintained 
for ~11hrs and then declined gradually. I found, also, that the steady state of 
contractions (time to reach new amplitude) during re-oxygenation period was 
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related inversely to the duration of the hypoxia. By measuring the PO2 of the 
solutions I demonstrated, also,  that the degree of hypoxia affected the size of 
rebound contraction during re-oxygenation; the stronger the degree of the 
hypoxia the stronger the contraction during re-oxygenation, and that a 
threshold level of hypoxia was required to obtain the effect. 
Conclusion: In this chapter, I showed for the first time, that multiple episodes 
of transient hypoxia rendered the term-pregnant uterus more tolerant to 
subsequent hypoxic episodes and improved the activity during re-
oxygenations. This might be similar to the phenomenon known as “hypoxic 
preconditioning’’. Moreover, this improvement of activity was not transient 
and could be sustained for long periods after transient hypoxia.  
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3.2     Introduction  
 
 During labour, mild hypoxia occurs with each uterine contraction as a result 
of the occlusion of the uterine artery and its sub-branches traversing the uterus. It 
is not uncommon that these contractions can become very strong and/or 
prolonged, resulting in a more significant compression of uterine blood vessels 
and, hence, greater reductions in oxygen delivery to both the uterus itself and the 
feto-placental unit (Greiss Jr 1965). Studies in women using invasive techniques 
have shown that a reduction in uterine blood flow occurred during normal repeated 
uterine contractions (Borell, Fernström et al. 1964; Brotanek, Hendricks et al. 
1969). In addition, it has been found in  vivo in women that, during normal labour, 
the uterine blood flow is reduced significantly during uterine contractions and 
returns to normal as the uterus relaxes (Jones, Raine-Fenning et al. 2009). It has 
been also shown in vivo that uterine contractions were associated always with 
reductions in uterine blood flow where the reduction ranged from 15 to 58% during 
normal spontaneous contractions in anaesthetized rats and returned to normal 
during relaxation (Larcombe-McDouall, Buttell et al. 1999).    Therefore, all these 
studies confirmed that periods of intermittent transient hypoxia could accompany 
each uterine contraction and the level of hypoxia differed depending on the 
strength and duration of such contractions.  
 Hypoxia has been reported to have an inhibitory effect on force production 
in a variety of tissues including the uterus. The decrease in adenosine triphosphate 
(ATP), phosphocreatine (PCr), the increase in inorganic phosphate (P i), and a fall 
in pHi are all known consequences of blocking the oxidative phosphorylation 
(Kübler and Spieckermann 1970; Harrison, Larcombe-McDouall et al. 1994; 
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Taggart and Wray 1995). These metabolic changes are shown to exert a negative 
influence on uterine contractions which inhibit further force production and aid 
relaxation (Larcombe-McDouall, Buttell et al. 1999; Monir-Bishty, Pierce et al. 
2003). Despite these observations, labour can progress with an increase in the 
force of contractions until the foetus is delivered and the expulsion of placenta is 
complete. To date, such studies investigating the hypoxic effect on myometrial 
contractions have been performed usually by inducing a single episode of hypoxia 
to the contracting uterus. Although these protocols showed clear effects on 
contraction and calcium transients when measured, they were not the best 
physiological model for what happens in labour as periods of transient hypoxic 
episodes would be repeated many times. To date, little or no evidence has been 
reported on the effect of repeated episodes of transient hypoxia, such as those 
occurring during labour with multiple uterine contractions. There is only one study 
which investigated the effect of repeated vascular occlusion of uterine artery using 
31P NMR on uterine metabolites (Harrison, Larcombe-McDouall et al. 1995). 
However, in this study, the ischaemia was applied for 20mins duration and for 2 
episodes only. Moreover, this study was performed on uteri from day 1 post-
partum rats (who had already delivered) and was performed mainly to obtain in 
vivo data on the effect of ischaemia on metabolites and pH i.   
 Several investigations carried out on other tissues such as the heart, 
skeletal muscles and the brain have found that repeated episodes of transient 
hypoxia or ischaemia rendered the organ more tolerant to subsequent hypoxic or 
ischaemic episodes and produced positive or protective effects on the tissues; a 
phenomenon known as ‘’ hypoxic or ischaemic preconditioning’’ (Murry, Jennings 
et al. 1986; Gürke, Marx et al. 1996; Sharp, Ran et al. 2004).   
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During labour, repeated uterine contractions can occlude the blood vessels 
supplying the uterus, resulting in repeated transient hypoxic episodes. The 
myometrium and the foetus experience these repeated episodes of hypoxia and 
the transient decrease of myometrial pH and ATP which are associated with each 
uterine contraction. Prolonged uterine hypoxia and the decrease in pH i associated 
with it will decrease or even abolish further uterine contractions (Monir-Bishty, 
Pierce et al. 2003). However, despite intermittent and transient episodes of local 
hypoxia/ ischaemia which occur during labour, uterine contractions become 
progressively stronger and larger over long periods until the foetus and placenta 
are delivered.  The mechanisms of this increase of force in the face of deleterious 
metabolic changes are not fully understood. The effects of repeated but transient 
hypoxia differ from prolonged hypoxia. The former may potentiate the contractile 
activity whilst the latter decreases them. 
 In this chapter, I investigated on rat uterine contractions, the effect of 
repeated episodes of transient hypoxia which more closely resemble what occurs 
in labour than a single prolonged hypoxic episode. Specifically, I examined 
whether or not contractile activity, following repeated transient hypoxia episodes, 
would become more forceful compared to before hypoxia and whether or not, 
following hypoxia, this increase of force would be transient or maintained for longer 
periods of time. I also examined the effect of prolonged hypoxia on uterine 
contractility and what happened to uterine contractions if multiple transient hypoxic 
episodes preceded the prolonged hypoxia. Finally, I investigated if the duration of 
the hypoxia (2, 5, 10 or 40mins) or the extent and degree of hypoxia (20%, 10% or 
2% of PO2) affected the contractile response upon re-oxygenation.   
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3.3  Methods 
3.3.1    Force Measurement 
 All the uterine tissues used in this chapter were obtained from term-
pregnant wistar rats (22day gestation). Uterine strips were dissected and prepared 
for force measurement as described in Chapter 2. All experimental procedures 
were carried out in accordance with the UK Scientific Procedure Act 1986. 
Briefly, uterine strips were dissected (2×10mm) from rat uterus, both ends 
tied with surgical silk thread and mounted vertically and deeply into a 5ml organ 
bath where they were superfused continuously with buffered Krebs’ solution at 
37⁰C with a flow rate of 4ml/min.   
3.3.2    Hypoxic Episodes and Uterine Contractions 
 The effect of hypoxia was induced primarily by replacing the Oxygen gas 
(O2) for Nitrogen (N₂) which was bubbled directly into the bathing Krebs’ solution to 
block cellular oxidative phosphorylation. This technique is a well-established 
method to cause hypoxia and prevent oxidative metabolism (Allen, Morris et al. 
1985). The duration of hypoxia was varied from 2 minutes to 40 minutes depending 
on the protocols used in this Chapter. The exact duration/protocol is given in the 
relevant specific result section below. Some experiments in this chapter were 
performed under 5nM oxytocin (OT) stimulation (Sigma Aldrich, UK), the detail of 
how this drug was made is described in chapter 2. 
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3.3.3    The Effect of Different Degrees of Hypoxia on Uterine Contractility 
In order to choose the appropriate pO2 concentration inside the bathing 
solution, a separate tube was used which was connected to both oxygen and 
nitrogen cylinders and the mixed gases were collected together in this tube which 
was inserted deep into to the bath. Appropriate pO2 was chosen by using the O2 
microsensor probe which was fitted inside the bath very close to the contracting 
tissue (the details are in chapter 2 the methods). 
3.3.4     Data and Statistical Analysis 
The data was recorded in DataTrax acquisition software and was analysed in 
origin8.1.   
Measurements of force amplitude, duration at mid-contraction, frequency, 
and area under the curve (AUC) during control and re-oxygenation periods were 
determined. All parameters (i.e. amplitude, frequency, duration, and AUC) were 
measured and normalised against percentage of control (100% control). In the 
results for the repetitive hypoxic experiments, data obtained during successive 
hypoxic exposures were referred to as episode 1 (E1), episode 2 (E2), etc. Each 
period of re-oxygenation was referred to as recovery 1 (R1), recovery 2 (R2), etc. 
Figure 3-1 illustrates an example of how these periods were referred to. 
During control (before hypoxia) and recovery periods (after each hypoxic 
episode), all the necessary parameters were measured (force amplitude, duration, 
frequency, and area under the curve ’’AUC’’). The same measurements were also 
performed for the paired control experiments without hypoxic episodes, to observe 
any change in uterine activity over matched time. However, with short periods of 
hypoxic episodes it was impossible to make meaningful measurements of 
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amplitude, duration, and frequency during the hypoxia and therefore the AUC was 
the only measured parameter which represents the entire uterine activity.  
Statistical analysis was carried out using one way ANOVA with a post hoc 
Bonferroni for correction and Student t –test, with a significance level taken as 
p=<0.05.   
 
 
 
Figure 3-1: Example of how periods of hypoxia and recovery were referred to.  
Uterine activity was allowed to equilibrate in 100% O2 for at least 1 hour and I named 
this period ‘’Control’’. Once the activity became stabilised and steady, the first 
episode of hypoxia ‘’E1’’ was induced by bubbling with nitrogen.  Thereafter, the 
tissue was re-oxygenated with 100% O2   for at least 20 -30mins and I called this 
period 1st recovery ‘’R1’’. The second hypoxic episode ‘’E2’’ was applied and so on. 
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3.4     Results 
 
Spontaneous contractile activity can be generated from small uterine strips 
isolated from the uterus. These contractions are steady and regular and can last 
for many hours without fading when placed in an appropriate condition, e.g. 
superfused continually with buffered Krebs’ solution and bubbled with enough 
oxygen at 37 ⁰C. A typical recording of spontaneous uterine contraction is shown in 
figure 3-2 below and can also be seen in many other figures in this chapter. The 
dissected uterine strips contained endometrium, myometrium and perimetrium, so 
the data obtained are representative of the response of the intact uterus.  In some 
experiments, data were obtained only from myometrium.  
 
Figure 3-2: Representative recording of spontaneous contractions of term-pregnant 
rat uterus.  
Contractile activity lasts without fading throughout the experiment. The uterine strip is able to 
generate spontaneous phasic and steady contractions as long as it is placed in Krebs’ solution 
(pH 7.40) at 37⁰C and bubbled continuously with O2. This is the condition in which all uterine 
strips in subsequent investigations were placed. Note that application of 60mM KCl 
depolarized the myometrial membrane and caused tonic contracture as long as it was present.  
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3.4.1    Establishing Protocol for the Effect of Transient Hypoxia on 
Spontaneous Uterine Contractility 
 The initial goal was to determine, in term-pregnant uterus, the extent and 
duration of the hypoxic period which would lead to reproducible and recoverable 
effects on uterine contractility. Once this was established, the parameters of the 
hypoxic episode could be altered or the mechanisms of force production e.g. by 
adding oxytocin, or investigating the effects on uteri from different gestational 
stages (which are discussed in the next Chapter).  
In the first step, attempt was to establish a degree of hypoxia bubbled into the 
bathing solution which leads to appropriate response. A fine O2 probe which has 
been calibrated was inserted deep into the bath and very close to the uterine strip, 
in order to measure the partial pressure of oxygen (PO2) in the bathing solution. It 
has been found that when bubbling the bath with 100% N2, there was a relatively 
rapid and consistent fall in PO2 to ~2%. The bath was bubbled with 100% Nitrogen 
to establish when the complete fall in [O2] was reached (n=7). After 30 seconds 
from the bubbling with 100% N2 the [O2] in the bath fell to 46%±2% and after 60 
seconds [O2] fell to 18%±1%. However, after 90 seconds [O2] significantly fell to 
10%±0.4% and after 120 seconds [O2] significantly fell and maintained at 2% 
(figure 3-3). However, when bubbling the bath again with O2, the fall in [O2] rapidly 
maintained where it was and began to recover gradually. After 30 seconds of re-
oxygenation the [O2] in the bath increased to 11% ±0.7%, and after 60 seconds the 
[O2] increased to 17% ± 0.9%. However, after 90 seconds the [O2] increased to 
42% ± 2% and after 120 seconds the saturation of bath with O2 was above 93% 
±0.8%. Uterine activity recovers soon when the [O2] in the bath reaches 46% ± 6% 
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by producing small uterine contractions which gradually increase when O2 
saturation increases.  
When changing the bubbling gas from 100% Oxygen to 100% Nitrogen for 5 
minutes, spontaneous contractions were either abolished significantly or 
decreased (a typical example is shown in figure 3-4A matched with a paired control 
experiment from the same rat in 100% O2 as in figure 3-4B). During hypoxia, the 
amplitude and the entire AUC was found to be reduced significantly compared to 
the force amplitude and the AUC during control period before hypoxia (n=12, p < 
0.05). There was some variation amongst the samples but the 5mins of hypoxia 
always affected contractility and therefore was used in subsequent experiments 
and chapters to determine the effects of repeated hypoxia. The data from 5mins 
hypoxia are described in more detail below.  
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Figure 3-3: A graph for the time course for the fall of oxygen concentration when 
bubbling with nitrogen.  
A graph showing the gradual fall of oxygen concentration when bubbling with 100% 
Nitrogen. After 30 seconds bubbling with N2 [O2] fell to 46%± 2%, and after 60 seconds, 
[O2] fell to 18% ± 1%. However, after 90 seconds, [O2] significantly fell to 10% ±0.4% and 
after 120 seconds [O2] significantly fell to 2%. When bubbling back with 100% O2 the [O2] 
gradually returned to normal and reached 93% [O2] after 2 min (n=7). 
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Figure 3-4: Application of single episode of hypoxia (5mins) on uterine 
spontaneous contractions of term-pregnant rat. 
A) A representative trace showing complete abolition of spontaneous contractions 
caused by hypoxia (100% N2) accompanied by simultaneous measurement of PO2 
throughout the experiment.  
B) Matched paired control experiment from the same rat tissue showing spontaneous 
contractile activity in 100% O2. 
A 
B 
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3.4.2   The Effect of Multiple Episodes of Transient Hypoxia on Uterine 
Contractility in Term-Pregnant Rat   
 Firstly, I describe the data obtained during the period of hypoxic episodes 
(i.e. ‘’E’’) and then during the recovery periods (i.e. ‘’R’’). Here, I investigated the 
effect of multiple episodes of transient hypoxia with different hypoxic periods (5, 
10, and 2 minutes) on spontaneous uterine contractility in term-pregnant rat.  In 
most experiments, a paired control experiment was matched (without any hypoxia) 
in order to observe any changes in uterine activity throughout the entire 
experiments.  
 
3.4.2.1 The Effect of Repeated 5 Minute Hypoxic Episodes on 
Spontaneous Uterine Contractility in Term-Pregnant Rat 
 Application of 5mins hypoxic episodes resulted in either abolition or 
decrease of uterine contractile activity. However, upon re-oxygenation, there was a 
general gradual increase in force amplitude compared to the preceding recovery 
period. Figure 3-5A shows a typical trace with a paired control uterine strip from 
the same rat. 
The effect during hypoxic episodes 
AUC 
 Analysis of the AUC, during hypoxic episodes, showed a significant gradual 
increase of the value of AUC from 1st episode (E1, n=13) which was 13± 1 to the 
4th episode (E4, n=9) which was 18± 1. Statistical analysis showed no significant 
difference (Figure 3-5B). 
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The effect during recovery periods 
Force amplitude 
 Analysis of force amplitude during recovery periods showed a gradual 
increase of force after each hypoxic episode. During the 2nd recovery period (R2), 
there was a significant increase of force compared to control period (n=13 in each 
group, p < 0.05). Also, during the third recovery (R3), the force was significantly 
increased from the control period (n=12 and 13 respectively, p < 0.05). During the 
4th recovery (R4), the tissue recovered with greater force which was significantly 
different compared to control (n=9 and 13 respectively, p < 0.05). Generally force 
amplitude increased gradually and progressively after each 5mins hypoxic episode 
compared to preceding periods and control. 
 
Duration 
 Analysis of the duration taken at the half of peak amplitude of each 
contraction was not significantly different amongst all periods and when compared 
to control.  
Frequency 
 Analysis of the number of contractions in a period of 10 minutes in each 
recovery and control periods showed a gradual decrease of frequency from control 
period until 4th recovery (R4). There was a statistical difference between control 
and R2 (n=14, p< 0.05) and between control and R3 (n=14 and 12 respectively, p 
< 0.05) and also between control and R4 (n=14 and 9 respectively, p < 0.05).  
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 AUC 
Analysis of the AUC in a period of 10 minutes showed that there was no 
significant difference between the recovery periods or from the control.  
 Figure 3-6 illustrates bar charts showing the value of each parameter 
(amplitude, duration, frequency, and AUC) with any significant difference. 
 
Analysis of matched control experiments  
 In most experiments, a paired control uterine strip was used in another bath 
and matched with experimental strips to observe any changes in contractile activity 
over time. To know if the increase in force after hypoxic episodes was due to the 
effect of repeated hypoxia and was not due to changes in contractile activity over 
time, the time during hypoxic episodes and recovery periods in the experimental 
strips was accurately measured and was matched accurately with the same time in 
the paired control experiments in the other bath. Statistical analysis showed that no 
significant changes of contractile activity occurred over time in paired control 
traces. A summary of the average of force amplitude in paired control experiments 
is shown in figure 3-7 (n=5, P> 0.05). I also measured the force amplitude during 
recovery periods after 5mins hypoxia (R1-R4) and compared it with the exact 
matched time from the paired control. There was always a significant increase of 
force amplitude during recovery periods after transient hypoxic episodes (p<0.05) 
compared to the force amplitude in the paired controls at the matched time; table 
3-1 below gives a summary with statistical difference between the two groups.  
Moreover, in paired control and when matched with frequencies during recovery 
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periods in experimental strips, the frequency of contractions did not change over 
time (table 3-2). 
 
Table 3-1: A summary comparing the average of Force amplitude during 
recovery periods (R1-R4) in experimental strips and matched with the exact time in 
the paired controls from the same rat (n=5 each). 
        R1         R2        R3         R4 
Control uterine 
strip 
                
99.97%  
99.96% 99.99% 99.79% 
Experimental 
uterine strip 
    107% 112%       116%      128% 
Significance P < 0.05 P < 0.05 P < 0.05 P < 0.05 
 
 
 
Table 3-2: A summary of mean Frequency that was determined in paired control 
and  matched with the exact time during recovery periods (R1-R4) in experimental 
uterine strips (n=5). 
Frequency Control R1 R2 R3 R4 
Control 100% 99.6% 99.4% 99.5% 95.6% 
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Figure 3-5: The effects of repeated episodes of 5 minutes hypoxia on 
spontaneous uterine contractility.  
A) A representative  trace showing the effect of repeated episodes of 5 minutes hypoxic 
episodes on spontaneous uterine contractility. Note the gradual increase of force after 
each hypoxic episode. The dotted red line indicates the stable uterine contractions 
during control period.   B) Bar chart showing the effect of multiple transient episodes of 
5 minutes hypoxia on the value of AUC during hypoxic episodes in term-pregnant rat. 
(E) denotes hypoxic episode.    
A 
B 
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Figure 3-6: The effects of repeated episodes of 5 minutes hypoxia on 
contractile parameters during spontaneous uterine contractility.   
Bar charts showing the effect of multiple transient episodes of 5 minutes hypoxia on 
A) Force, B) Duration, C) Frequency and D) AUC of spontaneous uterine 
contractility in term-pregnant rat.  Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery period. 
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Figure 3-7: Mean average of force amplitude in paired control experiments 
matched with different periods of hypoxia and recoveries in experimental 
uterine strips from the same pregnant rat.  Bar charts comparing the paired control 
amplitude over time matched with the same time of experimental strips from the same 
rat during repeated episodes of 5mins hypoxia of spontaneous contractions. Note that 
no change in uterine activity occurred over time (n=5) 
 
 
3.4.2.2 When Does the Increase in Contractile Activity Reach Plateau or 
Maintained after Repeated Transient Hypoxic Episodes? 
 It is now clear and established that transient multiple episodes of 5mins 
hypoxia can gradually increase the force amplitude after each hypoxic episode. 
The next question which needs to be answered was: for how many episodes of 
hypoxia would the contractile amplitude keep increasing?, i.e. would the tissue 
continue to recover after each 5min hypoxic episode with larger and stronger force 
indefinitely and would it be maintained? To answer this question a protocol was set 
to challenge the uterine strips with multiple episodes of 5 minutes hypoxia from 
episode 1 (E1) into episode 8 (E8) each was separated by a period of 20-30mins 
recovery. This result showed that force amplitude was increased gradually and 
progressively from 1st recovery (R1) until 5th recovery (R5) and from 6th recovery 
0
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100
control E1 R1 E2 R2 E3 R3 E4 R4
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(R6) into 8th recovery (R8) force declined slightly and was maintained elevated 
above the level of control and the initial recovery periods. A typical recording trace 
is shown in figure 3-8A.   
There were significant differences between control and R2 (n=13 in each 
period, p <0.05) and between control and R3 (n=13 and 12 respectively, p <0.05) 
and also between control and R4 (n= 13 and 9 respectively, p < 0.05). In addition, 
during 5th recovery (R5) the average force amplitude was greater than all 
preceding recovery periods and was significantly different from control (n=6 and 13 
respectively, p < 0.05). Interestingly, it was found that during 6th recovery (R6), 
force amplitude did not continue to increase and it was not significantly different 
from control (n=3 and 13 respectively, p >0.05). There was no significant difference 
between R7 and control (n=3 and 13 respectively, p >0.05) and, also, there was no 
significant difference between R8 and control (n=3 and 13 respectively, p >0.05). A 
bar chart showing this result with any statistical difference is shown in figure 3-8B. 
It can be seen from these data that the gradual increase of force amplitude 
was maintained after 5-6 hypoxic episodes and, therefore, for subsequent 
experiments I limited the challenge on the uterine tissues to 3-4 transient hypoxic 
episodes, since this gave a clear response. Also, if the rebound increase in force 
amplitude did not appear after 1-4 hypoxic episodes, due to experimental 
manipulation, such as degree or length of hypoxia, then, it would be unlikely to 
appear after 4 or more hypoxic episodes.  
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Figure 3-8: The effect of short and multiple episodes of 5min hypoxia on force 
amplitude during recovery. 
A) A typical trace showing the effect of multiple episodes of 5 minutes hypoxia on 
spontaneous uterine contraction. Note that the average force amplitude declined and 
was maintained after 6th hypoxic episode (E6). 
B) Bar chart showing the effect of multiple episodes 5 minutes hypoxia on the force 
amplitude. Any significant difference is highlighted by bar and asterisk (*p = 0.05 or 
less), (R) denotes Recovery. 
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Since I have established a protocol for the effect of repeated episodes of 
hypoxia on term-pregnant rat’s spontaneous uterine contractility and since 5mins 
hypoxic episodes led to a clear increase of force amplitude, I next examined the 
effect of different durations of hypoxic episodes. These data address the question; 
do different hypoxic durations lead, also, to increased force amplitude after 
repetitive hypoxia? Firstly, I investigated the effect of multiple episodes of 10mins 
hypoxia and then, examined the effect of multiple 2mins hypoxia on spontaneous 
rat uterine contractions and finally, I compared the data obtained from the three 
hypoxic durations to identify if there was any difference between them.  
 
3.4.2.3 The Effect of Repeated 10 Minute Hypoxic Episodes on 
Spontaneous Uterine Contractility in Term-Pregnant Rat 
The effect during hypoxic episodes 
AUC 
 Analysis of AUC during hypoxic episodes showed a gradual increase of the 
value from 1st episode (E1, n=5) which was 24± 1 into 4th episode (E4, n=3) which 
was 27± 0.5. However, this was not statistically significant (Figure 3-9B).  
The effect during recovery periods 
Force amplitude 
 As shown clearly in figure 3-9A, application of 1st episode (E1) of 10 minute 
hypoxia decreased the spontaneous contractions compared to the control period. 
However, upon re-oxygenation contractions recovered with greater force amplitude 
when compared to control period and after 2nd hypoxic episodes (E2) contractions 
recovered with larger force amplitude compared to 100% control (n=8 in each 
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period, p < 0.05). During 3rd recovery (R3), contractions recovered significantly with 
stronger force amplitude compared to control (n=7 and 8 respectively, p < 0.05) 
and compared, also, to 1st recovery (R1) (n=7 and 8 respectively, p < 0.05). 
Moreover, during (R4), tissue recovered significantly with even more force when 
compared to control (n=5 and 8 respectively, p< 0.05) and, also, when compared 
to 1st recovery (R1) (n=5 and 8 respectively, p < 0.05). Generally force amplitude 
increased gradually and progressively after each 10mins hypoxic episode 
compared to preceding periods.  
Duration 
 Analysis of the duration taken at the half of peak amplitude of each 
contraction was not significantly different between all periods.  
Frequency 
 Analysis of frequency revealed a general reduction in frequency over time 
and the reduction became progressive after multiple episodes of hypoxia. There 
was a significant reduction of frequency during 2nd recovery (R2), 3rd recovery (R3) 
and 4th recovery (R4) compared to 100% control (n=8, 7, 5 and 8 respectively, p < 
0.05). 
AUC 
 Analysis of the AUC, in a 10 minutes period, showed that there was no 
significant difference between the recovery periods or from the control. 
 Figure 3-10 depicts bar charts showing the values of each parameter 
(amplitude, duration, frequency, and AUC) with significant differences. 
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Figure 3-9: The effects of repeated episodes of 10 minutes hypoxia on 
spontaneous uterine contractility. 
A) A typical trace showing the effect of repeated episodes of 10 minutes 
hypoxic episodes on spontaneous uterine contractility in a term-pregnant rat. 
Note the gradual increase of force after each hypoxic period. The dotted red 
line indicates the stable uterine contractions during control period. 
B) Bar chart showing the effect of multiple transient episodes of 10 minutes 
hypoxia on the value of AUC during hypoxic episodes in a term-pregnant rat. 
(E) denotes hypoxic episode. 
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Figure 3-10: The effects of repeated episodes of 10 minutes hypoxia on 
contractile parameters during spontaneous uterine contractility. 
Bar charts showing the effect of multiple transient episodes of 10 minutes hypoxia on 
A) Force, B) Duration, C) Frequency and D) AUC of spontaneous uterine contractility 
in a term-pregnant rat.  Any significant differences are highlighted by bar and asterisk 
(*p = 0.05 or less), (R) denotes Recovery.    
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3.4.2.4 The Effect of Repeated 2 Minute Hypoxic Episodes on Spontaneous 
Uterine Contractility in Term-Pregnant Rat 
Application of 2mins hypoxia always decreased but did not abolish uterine 
activity completely and, during re-oxygenation, contractions recovered with greater 
force amplitude. Figure 3-11A shows a typical trace. 
 
The effect during hypoxic episodes 
AUC 
 The value of AUC increased gradually from 1st episode (E1, n=8) into 4th 
episode (E4, n=5; figure 3-11B), there were significant differences between:  
 E1 (12%±1, n=8) and E3 (16%±1, n=5; p<0.05) 
 E1 (12%±1, n=8) and E4 (19%± 0.5, n=5; p<0.05), and 
 E2 (14%± 0.5, n=8) and E4 (19%± 0.5, n=5; p<0.05) 
 
The effect during recovery periods 
Force amplitude 
 Analysis of force amplitude, during recovery periods, showed a gradual and 
significant increase of force after each hypoxic episode. During (R1), there was a 
significant increase of force when compared to 100% control (n=8 in each period, p 
< 0.05). During (R2) the force was also significantly different from the control 
period (n=8 in each period, p < 0.05). During (R3), the tissue recovered with 
greater force which was significantly different compared to control (n=5 and 8 
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respectively, p < 0.05) and also significantly different from (R1) (n=5 and 8 
respectively, p < 0.05). The tissue was recovered, also, with much greater force 
during (R4) as compared to all previous recovery periods and was significantly 
different from control (n=5 and 8 respectively, p < 0.05) and was also significantly 
different from (R1) (n=5 and 8 respectively, p < 0.05) and from (R2) (n=5 and 8 
respectively, p < 0.05). Figure 3-11A depicts a bar chart showing the mean 
amplitudes during recovery periods (R1-R4). 
Frequency 
 Analysis of the number of contractions in a period of 10 minutes in each 
recovery period and control period showed a gradual reduction in frequency from 
the control period until 4th recovery (R4). There was a significant difference 
between 100% control and R3 (n=8 and 5 respectively, p < 0.05) and between 
control and R4 (n=8 and 5 respectively, p < 0.05). 
 
Duration 
 Analysis of the duration taken at the half of peak amplitude of each 
contraction was not significantly different between all periods and when compared 
to the control period.   
 From previous statistical analysis of duration of force, it seems that, after the 
three hypoxic durations (5, 10, and 2mins hypoxia), durations never changed 
during recovery periods. Therefore, from subsequent analyses, this parameter is 
excluded. 
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AUC 
Analysis of the AUC in a 10 minutes period, showed that, during recovery 
periods, there was a gradual but significant increase of the AUC value and when 
compared to control. There was a significant difference between control and R1 
period (n=8 in each period, p < 0.05); between control and R2 (n=8 in each period, 
p < 0.05); and between control and R3 (n=8 and 5 respectively, p < 0.05). 
Moreover, the AUC value in R4 was larger and significantly different from control 
period (n= 5 and 8 respectively, p <0.05) and, also, significantly different from R1 
value (n=5 and 8 respectively, p < 0.05).  
 Figure 3-12 depicts bar charts showing the values of each parameter 
(amplitude, duration, frequency, and AUC) along with significant differences. 
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Figure 3-11: The effects of repeated episodes of 2 minutes hypoxia on 
spontaneous uterine contractility. 
A) A typical trace showing the effect of repeated episodes of 2 minutes hypoxic 
episodes on spontaneous uterine contractility in a term-pregnant rat. Note the 
gradual increase of force after each hypoxic period which produced the most 
increase in force compared to the previous periods of hypoxia. B) Bar chart 
showing the effect of multiple transient episodes of 2 minutes hypoxia on the value 
of AUC during hypoxic episodes in term-pregnant rat.  Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (E) denotes hypoxic episode. 
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Figure 3-12: The effects of repeated episodes of 2minutes hypoxia on 
contractile parameters during spontaneous uterine contractility. 
Bar charts showing the effect of multiple transient episodes of 2 minutes hypoxia 
on A) Force amplitude, B) Duration, C) Frequency and D) AUC of spontaneous 
uterine contractility in a term-pregnant rat.  Any significant differences are 
highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery period. 
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3.4.2.5 Comparison of the Data from the Three Different Hypoxic 
Periods  
 Human uterine contraction can last for 60 seconds or more (Iams, Newman 
et al. 2002). At the beginning of my study, attempt was to establish the effect of 1 
minute hypoxia on uterine contractility but experimentally it was tricky to achieve 
this as when bubbling the bath with 1 minute N2 the pO2 was 18-20% in the bath 
after 60 seconds of hypoxia and when bubbling back with O2 no further decline in 
pO2 was seen, instead the bath gradually become saturated with O2 within 60 
seconds (figure 3-3). In addition, when this was tried out no or very minimal effect 
on uterine contractions was observed which indicated that the duration of hypoxia 
was not sufficient (presumably reaching 18-20% pO2) to affect the uterine activity. 
This made the 2 minutes hypoxic episodes the lowest duration to work with in vitro. 
Moreover, bubbling the bath with oxygen always gives 100% pO2 and 
experimentally it would be tricky to mix the nitrogen and oxygen tubing to get the 
appropriate physiological pO2 at every given experiment.  Therefore, I always 
bubble with 100% O2 or 100% N2 in most of experiments to be consistent in my 
subsequent experiments and data. 
From my data, it is apparent that the uterine tissues responded in the same 
qualitative manner to transient hypoxic episodes, i.e. increasing in force amplitude 
after each transient hypoxic period of 5, 10, and 2 minutes. However, I wanted now 
to compare the data between the three different durations. I performed a 
comparison analysis to determine the difference in contractile parameters during 
recovery periods only (e.g. R1, R2, R3, and R4) between these three periods using 
one way ANOVAs and the post hoc Bonferroni method for correction.   
116 
 
Comparisons during hypoxic episodes e.g. E1, E2, E3, and E4, were not 
applicable since there was a difference in the time of hypoxia between the three 
hypoxic periods.  
 
Force amplitude 
 Analysis of force amplitude, during R1, R2, and R3 periods, showed no 
significant difference between the three hypoxic periods despite the gradual 
increase of the average of amplitude during these periods after 2mins hypoxic 
episodes compared to the other durations. However, during R4, there was a 
greater and significant difference of force amplitude after 2 minutes hypoxia 
(176%±10, n=5) compared to 5 minutes hypoxia (137%±9, n=9, p <0.05) and there 
was, also, a greater and significant difference between 2 minutes and 10 minutes 
hypoxia (142%±8, n=5, p <0.05).  Figure 3-13A below depicts bar charts showing 
the differences in force amplitude with statistical difference. 
Frequency 
 Analysis of the number of contractions, over a time of 10minutes, revealed 
no statistical difference between the three hypoxic periods. 
 
AUC 
Analysis of the area under the curve (AUC) showed a significant difference in the 
value of AUC during R1 after 2 minutes hypoxia (118±5, n=8) compared to R1 
after 5 minutes hypoxia (96%±4, n= 14, p <0.05). During R2, there was a 
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significant difference in AUC between 2 minutes hypoxia (128%±3, n= 8) and 5 
minutes hypoxia (84%±4, n=14, p <0.05) and, also, between 2 minutes hypoxia 
and 10 minutes hypoxia (101%±10, n=8, p <0.05). During R3, there was a 
significant difference between 2 minutes hypoxia (131%±5, n=5) and 5 minutes 
hypoxia (91%±7, n=12, p <0.05). During R4 period, there was a greater and 
significant increase of the value of AUC in 2 minutes hypoxia (145%±8, n=5) when 
compared to both 5 minutes hypoxia (94%±9, n=9, p <0.05) and 10 minutes 
hypoxia (104%±8, n=5, p <0.05). Figure 3-13B below depicts bar charts showing 
the comparison of the average AUC value between the three hypoxic durations 
and the statistical differences.  
These data showed that, upon re-oxygenation, 2 minutes hypoxia was 
producing greater force when compared to 5 or 10 minutes hypoxia.  
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Figure 3-13: Bar charts comparing the force amplitude and AUC 
from the three hypoxic duration ( 2, 5 and 10 minutes) 
Bar charts comparing the average data for A) force amplitude and B) 
AUC from the three hypoxic durations. Any significant differences are 
highlighted by bar and asterisk (*p = 0.05 or less) 
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3.4.3    The Effect of Prolonged Hypoxia on Uterine Contractility in 
Term-Pregnant Uterus 
 Next, I investigated the effect of prolonged hypoxia (bubbling the uterine 
tissue with 100% N2) for 40 minutes on the recovery of the contractions, in other 
words: would the tissue recover after prolonged hypoxia or would that cause 
permanent damage to the tissue? 
 Twelve uterine strips taken from 12 different term-pregnant rats were tested. After 
obtaining steady and regular uterine contractions, the strips were challenged with 
100% hypoxia for a period of 40 minutes and then bubbled back with 100% 
oxygen. Oxytocin was used in this experiment to keep the tissue contracting for 
longer period of time since with spontaneous contractions some tissues stopped 
working after prolonged hypoxia. 
In some uterine strips, contractions recovered after the prolonged hypoxia and, 
during recovery period, the analysis of force amplitude, showed no significant 
difference between control (before hypoxia) and recovery period (after hypoxia) 
(100% and 93±10, respectively, p >0.05). However, there was a significant 
decrease in frequency (100% and 83± 6, respectively, p <0.05), but no significant 
difference in AUC (100% and 95± 4.6, respectively). Figure 3-14 shows a typical 
trace along with the bar charts displaying statistical differences.  
However, in other uterine strips, contractions reappeared but were very small and 
there was a significant decrease of force amplitude compared to 100% control 
(37±6, p <0.05) and although the frequency decreased compared to control there 
was no significant difference (100% and 90±9, respectively, p >0.05). Moreover, 
the AUC value decreased after prolonged hypoxia and this was found to be 
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significantly different when compared to 100% control (43± 6, p < 0.05). Figure 3-
15 shows a typical trace with the bar charts displaying statistical differences. In 
summary, although some strips recovered fully from the hypoxia, after 40mins 
hypoxia, no strips produced increased amplitude of contraction. 
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Figure 3-14: The effect of prolonged hypoxia on uterine contractility induced by 
oxytocin I. 
A) A typical trace showing the effect of prolonged hypoxia on uterine contractility induced 
by 5nM oxytocin in term-pregnant rat (n=7). Note that although the tissue recovered, 
force amplitude never exceeded the force in control period. 
B) Bar chart showing the effect of prolonged hypoxia on the i) Amplitude, ii) Frequency, 
and iii) AUC of uterine contraction in a term-pregnant rat. Any significant differences are 
highlighted by bar and asterisk (*p = 0.05 or less). 
A 
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Figure 3-15: The effect of prolonged hypoxia on uterine contractility induced by 
oxytocin II.  A) A typical trace showing the effect of prolonged hypoxia on uterine 
contractility induced by oxytocin in a term-pregnant rat (n=5). Note that activity reappeared 
with a small and irregular activity compared to control period (before hypoxia). 
B) Bar charts showing the effect of prolonged hypoxia on B-i) amplitude, B-ii) Frequency, 
and B-iii) AUC of uterine contraction in a term-pregnant rat. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less). 
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3.4.4    The Effect of Multiple Episodes of Transient Hypoxia on 
Recovery of Uterine Contraction from Prolonged Hypoxia in Term-
Pregnant Rat 
 In order to investigate if multiple episodes of transient hypoxia could affect 
the recovery from subsequent prolonged hypoxia, uterine tissues were challenged 
initially with three transient episodes of 2 minutes hypoxia and, then, were allowed 
to equilibrate in 100% O2 for at least 30mins. Next, tissues were challenged with 
40 minutes prolonged hypoxia and then returned back to normal O2 to establish 
what would happen to contractile activity. Contractile parameters (i.e. Amplitude, 
Frequency, and AUC) were analysed during control period (before short 2mins 
hypoxic episodes) and during recovery period (after prolonged hypoxia). In 
addition, a comparison was performed using paired student t-test (Figure 3-16A 
shows a typical trace.).  
The effect of transient hypoxic episodes on entire uterine activity during 
prolonged hypoxia 
In order to  establish if, during prolonged hypoxia,  the entire uterine activity was 
affected following the repeated episodes of transient hypoxia, a comparison was 
made between the AUC during prolonged hypoxia in controls (without 
preconditioning with repeated transient hypoxia) and after the repeated episodes of 
transient hypoxia. Statistical analysis showed that the mean uterine activity (AUC) 
was larger during prolonged hypoxia after repeated episodes of transient hypoxia 
(76%±12, n=8) compared to prolonged hypoxia in controls (57%±8, n=12). 
However, this was not significantly different.    
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The effect of transient hypoxic episodes on the recovery after prolonged 
hypoxia 
Force amplitude 
 Analysis of force amplitude showed a greater increase of force and a 
significant difference between the control period before any hypoxia (100%) and 
the recovery period after prolonged hypoxia (135%±9, n=8, p < 0.05). Furthermore, 
analysis of the force amplitude during 3rd recovery (after 2mins hypoxia) and after 
prolonged hypoxia showed a slight increase in force during recovery after 
prolonged hypoxia compared to R3  but this was not significantly different (n=8). 
Frequency 
 Analysis of the number of contractions, in the 10 minute period, showed a 
decrease and there was a significant difference between control (100%) and 
recovery after prolonged hypoxia (73% ±2.5, n= 8, p < 0.05).    
AUC 
 Analysis of the AUC, in 10 minutes period, showed a slight increase of the 
value, however, no significant difference was found between control (100%) and 
recovery (105% ± 10, n= 8, p > 0.05). This might have been due to the parallel 
decrease in frequency. 
 In conclusion, these data showed that previous brief hypoxic episodes 
increased the ability of the myometrium to produce force after prolonged hypoxic 
episode.  Figure 3-16B depicts bar charts showing the effect of multiple transient 
episodes of 2 minutes hypoxia on the recovery of uterine tissue from prolonged 
hypoxia. 
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Figure 3-16:  The effects short episodes of hypoxia on recovery from 
prolonged hypoxia in term-pregnant rat 
A) A typical trace showing the effect of multiple short episodes of 2 minutes hypoxia 
on the recovery of uterine tissue from prolonged hypoxia, tissue was stimulated by 
oxytocin to maintain contractility. Note that tissues recovered with larger and 
stronger force when compared to the control period.  B) Bar chart showing the effect 
of transient 2 minutes hypoxia on  B-i) Amplitude, B-ii) Frequency, and B-iii) AUC of 
uterine contraction before and after prolonged hypoxia in a term-pregnant rat. Any 
significant difference is highlighted by bar and asterisk (*p = 0.05 or less). 
A 
B-i (amplitude) B-iii (AUC) 
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3.4.5    Duration of Hypoxic Preconditioning 
 It can be seen, from the previous results that, after each transient hypoxic 
episode, the force amplitude recovered with greater amplitude which was 
maintained elevated until the next episode was applied.  Next, I investigated if this 
increased force amplitude was transient or maintained for long time, i.e. what is the 
duration of hypoxic preconditioning after short multiple episodes of hypoxia?   
 In order to investigate this, a protocol was set to challenge the uterine strip 
with multiple episodes of 2 minutes hypoxia and, after the last episode, the tissue 
was returned back to 100% O2 and left contracting in an optimal environment (e.g. 
perfused continually with buffered krebs’ solution at the rate of 4ml/min at 37 ⁰C) 
for a period of 24 hours and any change in uterine activity was observed (Figure 3-
17A). The time (i.e. duration of hypoxic preconditiong) was measured accurately 
from the 3rd recovery (R3) up until before the force started to decline. The analysis 
showed that force amplitude was maintained for ~11 hrs ±1 (n=6) before starting to 
decline gradually. Paired control experiments (without any hypoxia) were matched, 
also, at the same time in the parallel bath to observe any changes in uterine 
activity throughout the experiments (Figure 3-17B). Time was measured in paired 
control from when the force amplitude became stable and steady until when it 
started to decline. Control uterine strips maintained the force for ~ 8.5 hrs ± 0.5 
(n=2).   
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Figure 3-17: The duration of hypoxic preconditioning.  
A) Uterine strip was challenged initially with 3 transient hypoxic episodes and was left 
contracting in 100% O2 for 24 hours. Note that force maintained elevated for ~11±1 
hours and then declined gradually. B)  Control experiment from the same rat showing 
progressive decline of force over time. Note that both uterine strips were stimulated by 
5nM OT to keep the tissue contracting for a long period.  
Time/min 
Time/min 
A 
B 
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3.4.6     How long does it take for the Contraction Amplitude to 
Reach Steady State after Hypoxic Stimulus? 
 Although most tested pregnant uterine preparations were able to recover 
from hypoxia no matter how long the duration of hypoxia was, it was of interest to 
ask about the time from the beginning of re-oxygenation until the contractions 
become regular in amplitude and frequency. The time was measured (in minutes) 
after 4 different periods of hypoxia (2, 5, 10, 40 minutes) and then compared to 
each other using one way ANOVA statistical analysis and post hoc Bonferroni for 
correction. After bubbling the tissue back with 100% O2 after 2 minutes hypoxia, 
the tissue reached full recovery within 6 minutes ± 0.9 (n=8) and after 5 minutes 
hypoxia, tissue  completely recovered within 12 minutes ±1 (n= 14). When re-
oxygenating the tissue after 10 minutes hypoxia, the full recovery time took 19 
minutes ± 3 (n=8) and finally tissue was able to recover completely from 40 
minutes hypoxia but after 30 minutes± 4, (n=9). Figure 3-18 below shows the 
representative traces. 
 It can be seen that there is a correlation between the duration of hypoxia 
and the time taken to reach completely a plateau during re-oxygenation; i.e. the 
longer the duration of hypoxia, the longer the time to reach a steady state during 
re-oxygenation. Statistically, there were significant differences between the time 
after 2 minutes hypoxia and 10 minutes (p < 0.05) and also between the time after 
2 minutes and  after 40 minutes (p <0.05). In addition, there were also significant 
differences between the time after 5 minutes hypoxia and after 40 minutes (p 
<0.05) and between the time after 10 minutes hypoxia and 40 minutes (p <0.05).  
Figure 3-19 depicts a bar chart showing, after each hypoxic period, the difference 
in the time to reach a plateau along with the statistical difference. 
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Figure 3-18: Time taken from the start of re-oxygenation (recovery) for the tissue 
to reach plateau after different periods of hypoxia. 
Representative traces showing how long it may take from the beginning of recovery 
period until the contractions become stable and steady after A) 2 minutes hypoxia 
(n=8),  B) 5 minutes hypoxia (n=14), C) 10 minutes hypoxia (n=8), and D) 40 minutes 
hypoxia (n=9). 
 
A B 
C 
D 
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Figure 3-19: Bar chart showing the mean time (min) to reach a full recovery 
after different hypoxic periods.  
Bar chart showing how different hypoxic periods affect the time to reach stable 
and steady force amplitude during re-oxygenation. Note that as the duration of 
hypoxia increases, the time to reach a full recovery also increases. 
Any significant difference is highlighted by bar and asterisk (*p = 0.05 or less). 
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3.4.7 The Effect of Different Degrees of Hypoxia on Uterine 
Force Amplitude in Term-Pregnant Rat 
 So far, for the different hypoxic durations, all previous hypoxic episodes 
were applied by bubbling the bathing solution with 100% N2.  This protocol 
produced clear effects but led to the questions:  was there a threshold level of 
hypoxia required to induce the changes; and did different degrees of hypoxia 
produce similar effects during spontaneous uterine contraction in a term-pregnant 
rat.  Great effort was made to obtain accurate partial pressure of oxygen (PO2) to 
the desired concentration. Three different levels of hypoxia were chosen; 20% pO2, 
10% pO2, and 2% pO2. This was made by carefully mixing the O2 tube with N2 and 
using a very sensitive oxygen probe that was inserted deep into the tissue’s 
solution very close to the contracting uterine strips and balancing carefully between 
O2 and N2 to get the appropriate PO2. Since I had data from previous experiments 
showing that the rebound increase of force amplitude was clear after the 1st 
episode of hypoxia (i.e. during R1), it was sufficient only to see the effect during 
this period.   
 
The effect of different concentrations of PO2 on 1
st recovery (R1) in term-
pregnant rat 
After obtaining regular and stable spontaneous contractions in 100% O2, a 
uterine strip was challenged with a mixture of O2 and N2 to obtain i) 20% pO2, ii) 
10% pO2, and iii) 2% of pO2 in the bathing solution and, then, this combination 
was maintained for about 5 minutes to ensure that the bathing solution was 
saturated fully with the appropriate pO2. Then, tissue was allowed to equilibrate in 
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100% O2 for at least 20-30mins and the average of force amplitude was measured 
before hypoxia (control) and during the first recovery (R1).  Figure 3-20 shows 
typical traces. 
Comparison of data obtained from the contractile parameters during the 
three degrees of hypoxia 
Amplitude 
  Analysis of the force amplitude showed a gradual and progressive increase 
of force with severe hypoxia (e.g. 2% and 10% PO2). There was a significant 
increase of force after 10% PO2 compared to control (n=5, p <0.05) and, also, a 
significant increase after 10% PO2 compared to 20% PO2 (n=5, p <0.05). 
Furthermore, after 2% PO2 tissue recovered with a greater force amplitude 
compared to control (n=5, p <0.05) and, also, compared to 20% PO2 (n=5, p 
<0.05). Although the mean percentage of force amplitude was slightly higher 
during R1 after 2% PO2 (131%± 4) compared to 10% PO2 (121%± 5), there was no 
significant difference between them.  
Frequency 
 Analysis of the number of contractions, in a 10 minute period, showed no 
significant difference between the three degrees of hypoxia.  
 
 AUC 
 Analysis of the area under the curve (AUC), in a 10 minute period during 
control (before hypoxia) and during 1st recovery (R1) showed a slightly gradual 
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increase of the value of AUC after 20% PO2 into 2% PO2. Statistically, there was a 
significant increase of the value of AUC during the recovery after 10% PO2 
(104%±2, n=5) compared to 20% PO2 (93%±3, n=5, p <0.05). Moreover, there 
was, also, a significant increase in the value of AUC during the recovery period 
after 2% PO2 (105%± 2, n=5) compared to 20% PO2 (93%±3, n=5, p <0.05).  
Figure 3-21 depicts bar charts showing the effect of the different degrees of 
hypoxia on different contractile parameters.  
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Figure 3-20: The effect of different degree of hypoxia on the recovery of spontaneous 
uterine contraction in term-pregnant rat. 
Representative traces showing the effect of A) 20% PO2 and 80% N2, B) 10% PO2 and 90% 
N2 and C) 2% PO2 and 98% N2 on recovery of uterine contractions with simultaneous 
measurement of oxygen tension in the tissue solution. Note that activity of the tissue has 
not been affected when 20% of oxygen but significantly increased after 10% and 2% PO2. 
A 
B 
C 
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Figure 3-21: The effect of different degrees of hypoxia on contractile 
parameters in a term-pregnant rat uterus. 
These show the effect of different degrees of hypoxia (2%, 10%, and 20% of PO2) 
on A) Force amplitude, B) Frequency, and C) AUC. Note that the more severe the 
hypoxia the more the rebound increase of force during recovery. Any significant 
difference is highlighted by bar and asterisk (*p = 0.05 or less)   
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3.5    Discussion 
In this chapter, I established protocols to investigate the effect of hypoxia on 
the term-pregnant rat uterine contractility. As long as it was present, hypoxia 
decreased uterine contractility. However, a rebound increase in force amplitude 
can occur after repetitive episodes of 2-10 minutes hypoxia, provided there is 
sufficient hypoxic stimulus. Furthermore in a protocol used to test for hypoxic 
preconditioning in other tissues, I found that previous exposure to brief hypoxic 
episodes produced better recovery of contractility after prolonged (40mins) 
hypoxia.  My study is the first to systematically investigate the effect of repeated 
episodes of transient hypoxia on term-pregnant uterine contractility in vitro and to 
provide evidence for the existence of preconditioning by hypoxia in the uterus.   
 
3.5.1    The Effect of Single Hypoxic Stimulus on Uterine 
Contractility 
 The result of this study showed that hypoxia produced by bubbling with 
100% Nitrogen (N2) which gave 2% of PO2 can significantly decrease or abolish 
spontaneous uterine activity. This finding is agreed with the previous studies which 
investigated the effect of single hypoxia on pregnant and non-pregnant uterine 
contractility and calcium transient (Earley and Wray 1993; Taggart, Menice et al. 
1997; Monir-Bishty, Pierce et al. 2003). The reasons behind the fall of force during 
hypoxia are well-established. Hypoxia (i) affects surface membrane excitability 
caused by increased potassium efflux that hyperpolarizes the membrane and 
decreases Ca2+ entry, (ii) impairs storage and release of calcium from intracellular 
calcium store (SR), and (iii) causes intracellular disruption or reduced supply of 
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energy source (ATP), and alters intracellular ionic milieu such as elevated H+ or 
lactate (Nayler, Poole-Wilson et al. 1979; Taggart and Wray 1998). Previous 
studies have showed that hypoxia induced by cyanide causes significant drop in pH 
leading to cellular acidosis that could be responsible for the fall of force in human 
uterus (Pierce, Kupittayanant et al. 2003; Bugg, Riley et al. 2006).  
 This finding was a start to establish that hypoxia can be induced by N2 and 
that the uterus responded to it either by decreasing or abolishing the contractions. I 
used N2 gas to induce hypoxia rather than using cyanide since the latter is a 
chemical scavenger for O2 and tissue might not recover well after its removal. 
Therefore, N2 was ideal for the next experiments. Moreover, N2 can cause different 
degrees of hypoxia by mixing it with the O2 to give appropriate concentration of 
PO2. However, cyanide can cause anoxia rather than hypoxia and, consequently, it 
was unsuitable for my experiments.  
 
3.5.2   The Effect of Transient Multiple Episodes of Hypoxia on 
Spontaneous Uterine Contractility 
 It is now established that hypoxia can depress the uterine contractility and 
the tissue was able to recover completely from the effect suggesting that no 
damage had occurred to the tissue during blockade of oxidative phosphorylation. 
To date there is no data in the literature on the effect of transient repeated 
episodes of hypoxia on uterine contractility and this study is the 1st attempt to 
investigate the effect in vitro. My results from the effect of repeated transient 
episodes of hypoxia on spontaneous uterine contractility showed that during 
hypoxic episodes the contractions were either decreased or abolished and after 
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each transient hypoxic episode there was a rebound increase of force amplitude 
which was maintained until the next hypoxic episode was applied no matter how 
long the duration of transient hypoxia was (e.g. 2, 5, or 10mins). It was found, also, 
that the shorter the duration of hypoxia, the greater the rebound increase of force 
amplitude since when the duration of hypoxia is prolonged more damage might 
occur to the tissue. Therefore, my result showed that 2mins hypoxic episodes 
produced the greatest rebound increase in force compared to other hypoxic 
periods.  This may be relevant to human  labour as contraction duration can reach 
40-120 seconds during normal single uterine contraction (Iams, Newman et al. 
2002). Even longer periods of hypoxia and contraction can occur during 
hypertonus, such as can occur after administration of uterotonic drugs such as 
oxytocin (OT) or prostaglandin (PG)  which may further increase the duration of 
uterine contraction and hence the duration of hypoxic episodes which could 
subsequently affect foetal oxygenation (Roberts and Turnbull 1971; Simpson and 
James 2008). 
 During the applications of 2, 5, and 10mins hypoxic episodes there was a 
gradual and significant rebound increase of force amplitude during most recovery 
periods compared to 100% control or to preceding recovery period. Moreover, from 
1st hypoxic episode toward the 3rd or 4th episode there was also a gradual increase 
of the value of the area under the curve (AUC). These results suggest that the 
uterus is becoming more tolerant and adapted to the effect of the subsequent 
hypoxia triggered by previous transient hypoxic insults which can mimic the 
phenomenon known as “hypoxic preconditioning”.  
The duration of contractions was not changed significantly during recovery 
periods or compared to control in all hypoxic period (e.g. 2, 5, and 10mins). 
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Generally, there was a general gradual decrease of frequency of contraction over 
time which might be due to tissue becoming fatigued after repeated hypoxic insults.   
 
3.5.3   Preconditioning By Hypoxia  
Originally demonstrated in the heart, it  was found that preconditioning the 
dogs’ hearts with four repeated transient episodes of five minutes ischaemia, by 
occluding the coronary artery separated by periods of five minutes recovery, 
improved cardiac functions and decreased the infarct size when compared to the 
non-preconditioned group; a  phenomenon known as ischaemic/hypoxic 
preconditioning  (Murry, Jennings et al. 1986). This study was the first to describe 
the phenomenon and, since then, several studies escalated dramatically to 
examine this process on different organs and tissue and to unravel some of the 
mechanisms.  Furthermore, lots of emerging evidence supporting the presence of 
this phenomenon in a variety of organs has been published.  The presence of this 
phenomenon was confirmed in the brain (Sharp, Ran et al. 2004), the skeletal 
muscles (Pang, Yang et al. 1995), the kidneys (Kirpatovskii, Kazachenko et al. 
2007), and found, also, in some smooth muscles such as those in blood vessels 
(Matsuda, Morgan et al. 1999; Deplanque, Bastide et al. 2000; Kužner, Drevenšek 
et al. 2004), smooth muscles of intestine (Aks yek, Cinel et al. 2002), gastric 
smooth muscle (Bobryshev, Bagaeva et al. 2009), smooth muscle of the urinary 
bladder (Hisadome, Saito et al. 2007).  
Repeated transient hypoxic / ischaemic episodes can have beneficial effects 
not only in limiting the infarct size and preventing further injury but, also, in  
improving muscle contractility. It  was demonstrated that ventricular contractile 
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activity was improved after multiple short episodes of ischaemia both in vivo and in 
vitro in rat and rabbit hearts (Cohen, Liu et al. 1991; Omar, Hanson et al. 1991; 
Cave, Collis et al. 1993; Steenbergen, Perlman et al. 1993). It was found, also, that 
hypoxic preconditioning improved skeletal muscle contractility, Ca2+ handling and 
recovery (Kohin, Stary et al. 2001).  So, my results suggest that hypoxic 
preconditioning operates in uterine smooth muscles by improving the performance 
and increasing the force production after repeated transient hypoxic episodes 
which occur normally during labour contractions. 
 
3.5.4     After How Many Episodes of Transient Hypoxia Does the 
Rebound Increase in Force Amplitude Stop or Maintain? 
 After confirming that hypoxic preconditioning was operating in term-pregnant 
uterine smooth muscles, it was reasonable, therefore to investigate if this rebound 
increase during recovery periods would continue escalating after each hypoxic 
episode or would be maintained or reduced over time. I found that, after hypoxic 
episodes from the first recovery up until the fifth recovery, force amplitude 
increased dramatically and progressively. Interestingly, during the sixth until the 
eighth recovery periods the force amplitudes reduced gradually and slightly but 
were elevated above the control period. This data suggested that the increase in 
force amplitude could not continue progressively after multiple episodes of transient 
hypoxia; however it was maintained stronger than the control and the early 
recovery periods. This data might suggest, also, some tissue fatigue. 
 It seems that 3-4 transient hypoxic episodes would be sufficient to initiate 
the mechanism of hypoxic preconditioning in uterine smooth muscles Moreover,  
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studies, performed on cardiac muscles, reported that one or two episodes of 
ischaemia/hypoxia would be enough to initiate the entire process of preconditioning 
and confer the needed protection (Przyklenk and Kloner 1998).    
 
3.5.5   The Effect of Prolonged Hypoxia on Uterine Contractions and 
the Potential Role of Short Hypoxic Stimuli 
 The results of the effect of severe hypoxia (40mins) showed that although 
prolonged (severe) hypoxia affected the uterine contractions, some uterine 
preparations were still able to recover when re-oxygenated. However, some of 
uterine preparations recovered with significant smaller force amplitude with 
irregular pattern compared to prior severe hypoxia (p <0.05). Moreover, the 
frequency was decreased, also, when compared to control prior to hypoxia. When 
analysing the overall AUC, the value was statistically significant when compared to 
control (p <0.05).  This might suggest that an injury had occurred to these samples 
during prolonged hypoxia. However, in other uterine preparations, force amplitude, 
during recovery, reduced slightly (93%±10) after severe hypoxia compared to 
100% control (before hypoxia). This suggested that no or little damage had 
occurred to those preparations.  The frequency decreased significantly when 
compared to control (p <0.05).  
For many years, it was known that severe and prolonged hypoxia or ischaemia 
could lead to irreversible hypoxic or ischaemic injury. This extent of damage was 
correlated with the duration of hypoxia applied to the tissue. The mechanism of 
ischaemia/hypoxia induced injury was studied extensively in the myocardium. 
When the supply of O2 is reduced, the mitochondrial oxidative phosphorylation 
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shuts rapidly resulting in a marked and progressive decrease of the major source of 
energy (ATP). This stimulates anaerobic glycolysis resulting in accumulation of H+ 
ions and lactate. These metabolic by-products lead to intracellular acidosis and, 
then, inhibit muscle contraction. During prolonged hypoxia, the cell can become 
swollen as a result of influx of Na+, Clˉ, and water. This can lead to an increased 
level of [Ca2+]i  due to Na
+-Ca2+ exchanger or inability of SR to take up the cytosolic 
calcium. Furthermore, the [Ca2+]i  can also increase as the calcium extrusion 
ATPases are being inhibited during hypoxia. Hence, the elevated [Ca2+]i  can 
activate a number of cellular proteases leading to alteration of contractile proteins, 
decreased sensitivity of contractile proteins to calcium which can result in 
irreversible impairment of contractions despite the elevated [Ca2+]i  (Buja 2005). 
Consequently, it is very important and vital that, to avoid such injury, the duration of 
ischaemia or hypoxia should be kept to as short a time as possible. 
Although most injuries occur at the start of re-oxygenation or reperfusion, it 
is more likely that injury can occur, also, during prolonged hypoxia or ischaemia. 
Caspases  were found to be activated during prolonged ischaemia (Stephanou, 
Brar et al. 2001) (Stephanou, Brar et al. 2001) and ion dysfunction  was reported to 
occur during prolonged ischaemia /hypoxia (Steenbergen, Perlman et al. 1993).  
 Interestingly, when preconditioning the uterus with 3 episodes of 2mins 
hypoxia, the contractions recovered with significant rebound increase in force 
amplitude after prolonged hypoxia when compared to control period before the 
multiple transient hypoxic episodes (p <0.05).  This observation was seen in all 
uterine preparations tested from term-pregnant rats (n=8). The AUC showed a 
slight increase in the value after prolonged hypoxia compared to control and the 
frequency was significantly decreased (p<0.05). This data are consistent with 
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previous data on other organs suggesting that preconditioning the tissue with 
transient and multiple episodes of hypoxia or ischaemia separated by a periods of 
re-oxygenation is beneficial and protective against subsequent prolonged hypoxia 
or ischaemia (Murry, Jennings et al. 1986; Gürke, Marx et al. 1996; Li, Chen et al. 
1999; Timsit, Gadet et al. 2008; Park, Seol et al. 2011). 
 Budas et al. (2004) found, that exposing cardiomyocytes to prolonged 
hypoxia, resulted in intracellular calcium overload leading to irreversible 
hypercontracture; an indication of cell death.  However, the study found, also, that, 
preconditioning the myocytes with 1 episode of 5mins hypoxia and 5mins re-
oxygenation before long-lasting hypoxia, resulted in increased time for cell survival 
(Budas, Jovanović et al. 2004). Furthermore, ischaemic or hypoxic preconditioning 
(by stimulating the organ with short episodes of ischaemia or hypoxia before 
prolonged hypoxia or ischaemia) has been shown to enhance and improve post-
ischemic or post-hypoxic recovery of contractile function in heart muscles isolated 
from dogs (Shizukuda, Mallet et al. 1992) , rabbits (Jenkins, Pugsley et al. 1995) , 
rats (Zhai, Lawson et al. 1993). It has also been demonstrated that hypoxic 
preconditioning significantly improved the recovery of contractile function in re-
oxygenated guinea-pig papillary muscle (Kasamaki, Guo et al. 1997). All these 
studies supported the fact that preconditioning the organ with multiple transient 
episodes of hypoxia or ischaemia could improve the contractile activity after 
prolonged hypoxia was applied which supported my finding in the pregnant uterus. 
3.5.6   Duration of Hypoxic Preconditioning  
It was imperative to identify the duration of the rebound increase in force 
amplitude and to observe how long this elevated force would last during recovery 
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periods. The tissue was preconditioned with three episodes of 2mins hypoxia and, 
after the third hypoxic episode, the tissue was re-oxygenated and left contracting 
for 24hrs (Figure 3-17A). During that time, the tissue was perfused continuously 
with buffered Krebs’ solution at the rate of 4ml/min and bubbled with 100% O2 and 
the temperature was maintained carefully at 37⁰C. Oxytocin was present 
throughout the entire experiment to ensure that the tissue was contracting over that 
time period. The data showed that the rebound increase of force was elevated and 
maintained for ~11hrs ±1 (n=6). Some experiments were matched with control 
tissue contracting for the same period without any hypoxia (n=2). This showed that 
control uterine strips maintained force for 8.5 hrs before the force started to decline. 
When compared to preconditioned preparations, it could be seen that 
preconditioning rendered the uterus more resistant to the early fatigue seen in the 
control strips (Figure 3-17A, B).  
 
3.5.7     How Easy Does the Tissue Recover Completely and Reach 
Steady and Maintained Force Amplitude after Different Hypoxic 
Periods? 
 As most of uterine preparations tested so far, tissue could recover from the 
effect of hypoxia whether it was short or prolonged. In order to establish if the 
duration (period) of hypoxia was causing damage during hypoxia, different uterine 
tissues were challenged with different hypoxic duration (2, 5, 10, 40mins) for only 
one episode and, then, tissue returned back to 100% O2.  Time was measured (in 
minutes) to identify how long it took for the uterine contractions to reach a steady 
and stable state from the time the tissue was re-oxygenated.  Also, this was done 
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to identify the extent of injury which might occur during hypoxia or during initial re-
oxygenation.    
My results showed that, after 2mins hypoxia, uterine contractions reached 
full recovery and became stable after 6mis of re-oxygenation. However, after 5mins 
hypoxia, contractions became steady after 12mins had elapsed.  Furthermore, after 
10mins hypoxia, the uterine contractions became stable after 19mins and, finally, 
after 40mins hypoxia contractions became regular and steady after 30mins. These 
data suggest that there is a correlation between the duration of hypoxia and the 
time it takes to recover completely from the effect; i.e. the longer the duration of 
hypoxia the longer the time it takes to completely recover during re-oxygenation. 
So, it can be inferred from these data and from my previous data from the effect of 
prolonged hypoxia that long hypoxia can harm the uterus despite the recovery and 
although hypoxic preconditioning occurred after repeated episodes of 10mins and 
5mins hypoxia, 2mins showed greater and significant increase in contractile activity 
and rapid recovery when compared to any other hypoxic duration. 
 Looking at the statistical analysis, it can be seen clearly that, during re-
oxygenation, the time to reach a steady state is related inversely to the duration of 
hypoxia (Fig. 3-19); the longer the duration of hypoxia the longer it takes for the 
contractions to reach new and steady amplitude. Since there was less damage to 
the tissue, these pieces of data explained why tissue responded very quickly, after 
2minutes, with greater force when compared to any other hypoxic duration.  
 During hypoxia, the uterine ability to contract is reduced or inhibited. One 
reason is the reduction of ATP production caused by blocking the mitochondrial 
oxidative phosphorylation and, under this condition; the energy production to 
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maintain the contractions fails to meet the cellular needs. Therefore, the cellular 
response is to increase the ATP production by anaerobic glycolysis which depends 
mainly on the amount of glycogen stores which, eventually,  are depleted or 
stopped by inhibitory feedback from the accumulation of metabolic by-products 
such as H+ and lactate (Rovetto, Lamberton et al. 1975). In cardiac myocyte, it was 
found that sustained glycolytic metabolism could preserve myocyte viability and, to 
some extent, maintain the function during prolonged periods of hypoxia/ ischaemia 
and could delay, also, the onset of cardiac injury (Sodi-Pallares, Testelli et al. 1962; 
Opie, Bruyneel et al. 1975). So, the longer the hypoxia, the longer the accumulation 
of end products of anaerobic metabolism which delay the time for the tissue to 
recover from the effect of hypoxia and to wash away these metabolic by-products 
away. These can support my finding since I found that prolonged hypoxia for 
40mins delayed the recovery and some preparations did not recover completely; 
which indicated that some or little damage had occurred during hypoxia. 
 
3.5.8    The Effect of Different Degrees of Hypoxia on Force 
Amplitude during the First Recovery (R1)  
 Most of the data obtained in this thesis looked at the effect of bubbling the 
uterine tissues with transient but strong hypoxia (i.e.100% N2, 2% PO2). After each 
hypoxic episode, this produced definitely strong rebound increase in force 
amplitude. Uterine activity increased gradually during R1 from 20%, 10%, and until 
2% of PO2 suggesting that the level of threshold was required to obtain the effect. 
These pieces of data confirm that strong hypoxic episodes, such as those resulting 
from strong uterine contractions during labour, can lead to  a strong rebound 
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increase in force amplitude and the strength of those contractions during labour is 
dependent on the severity and degree of induced hypoxia.  Moreover, from these 
pieces of data, it can be inferred, also, that not all labours progress with strong 
uterine contractions which can lead to severe hypoxia. However, some can 
progress with different degrees of hypoxic episodes which can lead to different 
rebound increase during re-oxygenation periods correlated with the degree of 
hypoxic episodes. In addition, some uteri are very sensitive to agonists which, 
during labour, may result in uterine hypertonus and severe hypoxia which  can 
affect directly foetal oxygenation (Roberts and Turnbull 1971; Quenby, Matthew et 
al. 2011).  
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3.6   Conclusion  
The results of this study are novel and are the first to investigate the effect of 
repeated transient episodes of hypoxia on uterine contractility in a term-pregnant 
rat. I showed, for the first time that transient multiple episodes of hypoxia improved 
uterine contractions, and rendered the uterine tissues more tolerant to subsequent 
hypoxic insults, which could mimic the phenomenon known as “hypoxic 
preconditioning”.  This gradual increase of force, during re-oxygenation periods, 
was seen after different hypoxic durations (i.e. 2, 5, and 10mins). Two minutes 
hypoxic episodes produced the best hypoxic preconditioning, resembling the 
physiological hypoxia which may occur during labour contractions.  Severe hypoxia 
for 40mins can result in a tissue being unable to recover completely when O2 is 
returned due to some cellular damage which may occur. However, stimulating the 
tissue with some few transient hypoxic episodes, before severe hypoxia, improves 
contractility and results also in hypoxic preconditioning. These data indicate that 
some mechanisms must be evoked by such transient hypoxic episodes in order to 
protect the tissue and to prepare it for more severe hypoxia.    
I found, also, that, after each hypoxic episode, the increase of force amplitude 
ceased and maintained after the sixth hypoxic insult. Although the activity was 
stronger than the control period, this could suggest some fatigue to the uterine 
smooth muscle or the uterus reaching its maximal effort.  In addition, I showed that, 
during re-oxygenation, the elevation in force amplitude was sustained and 
maintained for a long time (~11hrs) before declining gradually.  Furthermore, I 
measured the time it took for the contractions to reach a steady and maintained 
state after different durations of hypoxia since this might imply some damage 
occurring to the tissue during hypoxia and, also, the effect of such durations on the 
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recovery. Tissue recovered rapidly after 2mins hypoxia and very slowly after 
40mins hypoxia. The longer the duration of hypoxia, the longer the time it took to 
recover completely during re-oxygenation and, judging from the best recovery 
compared to other hypoxic durations, this suggested that no damage might occur 
when hypoxia was very short. Finally, I showed that the degree of hypoxia was 
important in order for the rebound increase of force to occur since moderate (10% 
pO2) or severe hypoxias were required to initiate the mechanism. Next, I examine if 
this phenomenon operates in uterine strips from different gestational stages and 
investigate if it is present, also, under OT stimulation. 
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Chapter 4  
Physiological Regulation of Hypoxic Preconditioning 
 
4.1 Abstract 
 
 In the previous chapter, I showed for the first time that hypoxic 
preconditioning (HP) or a similar phenomenon occurs in pregnant rat uterus 
near term (22 day gestation), after repeated episodes of transient hypoxia. In 
this chapter, I address if this phenomenon is physiologically regulated, as it 
may be hypothesized that it is a mechanism present only around term or 
labour. I therefore, examined uteri from different gestational stages. Non-
pregnant, 18 day pregnant and labouring rat uterine tissues were used. In 
other experiments, to increase the relevance to labour, oxytocin (OT) was 
used and the effects of repeated episodes of transient hypoxia were tested to 
investigate the hypothesis that the response would be stronger compared to 
spontaneous activity alone. Finally, I wanted to examine if the response to 
transient hypoxia, in the rat myometrium, occurred also in human 
myometrium. 
 Interestingly, I found that HP was not present in non-pregnant tissue 
contracting either spontaneously or under OT stimulation. It was found, also, 
that HP was not operating in tissue from 18-day pregnant uterus. In term-
pregnant tissue however, stimulated by OT or in labouring tissue contracting 
either spontaneously or with OT the phenomenon was present.  Furthermore 
analysis showed differences in response between these two stages of 
gestation. In labouring rat uterine strips contracting spontaneously, 
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application of hypoxic episodes never abolished the activity compared to the 
effect in other uterine strips from different gestations. 
 Of particular note was that my data from human uterine samples confirmed 
the presence of HP in all labouring samples and in one non-labouring sample 
that was very close to term.  These data may suggest that the mechanisms 
involved in HP appear only very close to term or during labour judging from 
the absence of this phenomenon in non-pregnant and 18-day pregnant 
tissues.  
Conclusion: The data in this chapter indicate that hypoxic preconditioning 
‘’i.e. increased contractile activity after transient hypoxic episodes’’ is 
gestational dependent in both rat and human uterus.  OT can significantly 
increase the effect of HP, in uteri near to or at labour, compared to 
spontaneous activity alone. This is because OT can increase [Ca2+]i by 
calcium dependent and non-dependent pathways.  These findings suggest 
that preconditioning is initiated by some mechanisms which appear only 
very close to term.  
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4.2 Introduction 
 My results from Chapter 3 have demonstrated that repeated episodes of 
transient hypoxia significantly increased the contractile activity in term-pregnant rat 
uterus, suggesting the occurrence of “hypoxic preconditioning” in this gestation. 
There are reasons to consider if hypoxic preconditioning could also operate in uteri 
from different gestations apart from term-pregnant uterus. It is known that hypoxia-
decreased contractions are due to inhibition of oxidative phosphorylation and a 
significant decrease in metabolites which are important for normal cellular 
functions. Interestingly, Wray et al. (1992) have found that there were gestational 
differences between pregnant and non-pregnant uteri in response to hypoxia 
(Wray, Duggins et al. 1992). They concluded that there was a difference in 
metabolites stored in uterine smooth muscles between the two gestations. 
Moreover, the activity and the distribution of myometrial ion channels depend upon 
the development and the gestational state of the uterus which may account for the 
differences found among uterine smooth muscles from different gestations (Khan, 
Smith et al. 1993; Greenwood, Yeung et al. 2009).  
During pregnancy, the uterus remains relatively quiescent and, at term, this 
must be changed into an active state in order to force the uterus to expel the 
foetus. Oxytocin hormone (OT) has a basic and important role in this activation 
which contributes significantly to a powerful contraction. However, during labour 
stimulation of the uterus by endogenous OT occurs as the receptors for OT are 
increased markedly just before parturition. The expression of OTRs has been 
found to increase significantly in myometrium just before term in all species studied 
(Fuchs Fuchs, Husslein et al. 1984; Rivera, Lopez Bernal et al. 1990; Soloff 1990) 
and this is to ensure adequate and strong uterine activity during labour.  In order to 
153 
 
establish if the effect of hypoxic episodes was increased whilst OT was present, it 
was necessary to investigate the effect of repeated episodes of transient hypoxia 
on oxytocin-induced contractility in uteri from different gestations. 
Glucose is normally stored in muscles and tissues as a form of glycogen 
until needed and there is evidence that confirm that glycogen content is much 
higher in pregnant human uterine smooth muscles compared to non-pregnant ones 
(Milwidsky and Gutman 1983; Wedenberg, Ronquist et al. 1990). Furthermore, 
previous studies observed that the quantities of stored glycogen in labouring 
uterine tissues are gradually decreased as labour progressed compared to the 
contents in pregnant tissues (Krasil'nikova, Persianinov et al. 1971). In addition, 
ion channels in uterine muscles and gap junction proteins as well as OT receptors 
are all reported constituents that change the state of the uterus from quiescent into 
active state as term approaches (Kuriyama and Suzuki 1976; Garfield, Ali et al. 
1995; Zeeman, Khan-Dawood et al. 1997). Throughout pregnancy, the expression 
of potassium channels is enhanced to maintain uterine quiescence and decrease 
gradually towards term to allow forceful contractions to take place. Therefore, I 
hypothesise that HP is confined to uteri very close to or at labour and that the 
mechanism involved in it is physiologically regulated during pregnancy as if it is 
allowed to occur early during pregnancy it may then predispose to premature 
labour. However, these changes may be necessary for HP mechanism to work 
during labour and I therefore wanted to investigate the effect of HP on uteri from 
different gestational stages.  
Consequently, in order to establish if this phenomenon was confined to 
term-pregnant tissue, it was interesting to investigate the effect of repeated 
episodes of transient hypoxia on uterine contractility in rats from different 
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gestations (i.e. non-pregnant, 18-day pregnant, and labouring tissues).  Moreover, 
it was fascinating, also, to establish if the response was larger under oxytocin 
stimulation compared to spontaneous activity alone. It would be interesting, also, to 
establish if the effect, which occurs in rat uteri, can occur in uterine preparations 
from labouring and non-labouring women. 
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4.3    Methods 
 
4.3.1    Animals and experimental protocol 
Uteri were obtained from non-pregnant, mid-pregnant (18 day gestation), 
and labouring rats. In addition, some experiments were performed on human 
uterine samples obtained from labouring and non-labouring women. Small uterine 
strips measuring (width × length) (2×10mm) were dissected and mounted in an 
organ bath containing buffered Hepes Krebs’ solution at 37⁰C as explained in 
detail in Chapter 2. Briefly, after steady spontaneous contractions were obtained, 
the effect of repeated episodes of transient hypoxia was investigated by bubbling 
the tissues with 100% N2 for 5-10mins and separated by periods of re-oxygenation. 
In other experiments, uterine preparations were stimulated with 5nM Oxytocin and 
left throughout the entire experiments and the effect of repeated episodes of 
transient hypoxia was applied whilst OT was present. However, in some 
experiments, an O2 probe (World Precision Instruments, UK) was inserted deep 
into the bath and very close to the contracting uterine strips to measure the PO2 in 
the bathing solution throughout the entire experiment. Chapter 2 (the methods) 
details how this was calibrated and performed. 
 
4.3.2    Labouring uterine tissues from rats 
In order to investigate if hypoxic preconditioning was present in labouring 
tissues, uterus was removed from a rat which was only in active labour. This was 
done by monitoring closely the term-pregnant rats (usually during the late 22day or 
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the early 23day gestation) until the signs of labour appeared. The rat was allowed 
to begin spontaneous labour and once the first pup came out, the rat was killed 
immediately and the uterus was removed quickly and transferred into Krebs’ 
solution. Then, it was transferred to the laboratory for experimentations. Therefore, 
I defined the labouring tissues as “after delivery of the first pup and before 
completion of parturition”. 
 
4.3.3     Day 18 pregnant rat tissues 
 Tissue was obtained from day 18 pregnant rats and as the uterus in this 
stage was very quiescent, all 18 day pregnant uterine tissues were stimulated with 
OT to keep the uterine strips contracting for a long time and the effect of repeated 
episodes of 5mins hypoxia was applied thereafter.  
 
4.3.4    Human uterine tissues 
 In this chapter, some experiments were performed on human uterine 
tissues. Labouring and non-labouring human myometrial biopsies were obtained 
with full consent under ethical approval from patients undergoing Caesarean 
sections (CS). All biopsies were taken from the lower uterine segments and the 
uterine strips were dissected and the contractility was measured as described in 
Chapter 2.  
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4.3.5    Drugs used in this chapter 
 Oxytocin (OT) was purchased from sigma Aldrich, UK, and was used at a 
concentration of 5nM in all experiments carried out in this chapter.  Chapter 2 
explains in detail how OT was made and prepared.  
4.3.6   Data and statistical analyses 
The data was recorded in DataTrax data acquisition system and analysed in 
Origin 8.1 software. Measurements of contractile parameters (Amplitude, 
Frequency, and AUC) were determined during control and recovery periods. 
Statistical analysis was carried out using one way ANOVA and, when appropriate, 
Student t-test, with a significant level taken at p=<0.05. 
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4.4 Results 
 
4.4.1    The Effect of Multiple Episodes of Transient Hypoxia on 
Spontaneous Uterine Contractility in Non-Pregnant Rats 
 Application of 5mins hypoxia caused complete abolition of spontaneous 
uterine activity in non-pregnant uterine tissues during all four hypoxic episodes 
applied (n=6-10). Upon re-oxygenation, contractions recovered completely but never 
exceeded the control period and did not increase gradually after each hypoxic 
episode (Figure 4-1). 
 
The effect of hypoxic episodes on contractile parameters of spontaneous 
uterine activity in non-pregnant rats 
Amplitude 
 Although uterine contractions recovered after repeated episodes of transient 
hypoxia, analysis of force amplitude showed no significant increase in force during 
recovery periods (R1-R4) or when compared to control (n=6-10, p > 0.05).  
Frequency  
 When analysing the number of contractions in 10 minute intervals, it could be 
seen that there was a general and progressive decrease of frequency from control 
until the last recovery period (R4). There was a significant difference between 100% 
control and R3 (51%±9, p<0.05), control and R4 (46%±11, p<0.05), R1 and R4 
(86%±4, 46%±11, respectively, p <0.05). In addition, there was also a significant 
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decrease of frequency during R1 (86%±4) compared to R3 (51%±9, p<0.05), and 
during R2 (78%±6) compared to R4 (46%±11, p<0.05). 
I found, also, that frequency of contractions in paired control experiments declined 
gradually over time.  Mean frequency was significantly decreased during R4 (73% ± 
0.9, p <0.05, n=5) as compared to 100% control and R1 (97% ± 3, p <0.05, n=5). 
The mean frequency was also decreased during R2 (90% ± 5 p <0.05, n=5) as 
compared to R4 (73% ± 0.9, n=5). These analyses showed that the frequency of 
uterine spontaneous contractions decreases over time in non-pregnant rat and to 
see if repeated transient hypoxic episodes were responsible for the significant 
decrease in frequency, statistical analyses were carried out using Student t- test 
comparing the mean frequencies during recovery periods in experimental uterine 
strips and matched them with the mean frequency in paired control (table 4-1).  Data 
showed that, following repeated episodes of transient hypoxia compared to paired 
controls, the mean frequency declined always during recovery periods. After 
repeated transient hypoxia, there was also a significant decrease in mean frequency 
during R3 and R4 when compared to mean frequency in paired control experiments. 
These data suggest that repeated episodes of transient hypoxia could decrease the 
number of contractions over time. 
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Table 4-1: Summary of mean Frequency determined in paired control which 
matched frequency during recovery periods (R1-R4) in experimental uterine strips 
(after repeated hypoxic episodes)          
Frequency R1 R2 R3 R4 
Control 97% (n=5) 90% (n=5) 85% (n=5) 73% (n=5) 
Hypoxic 
episodes 
86% (n=10) 78% (n=10) 51% (n=8) 46% (n=6) 
significance n/s n/s P < 0.05 P < 0.05 
     n/s denotes not significant 
 
AUC 
Analysis of the AUC was similar to the frequency (i.e. gradual decline of the 
AUC values over time). There were significant differences of the AUC values 
between control (100%) and R3 (59%±8, p <0.05); between control and R4 (48%±9, 
p <0.005); and, also, between R1 and R4 (89%±4, 48%±9, respectively p <0.05). 
There was, also, a significant decline in the value of AUC from control (100%) to R2 
(76±5, p <0.05); also, between R1 and R3 (89%±4, 59%±8, respectively p <0.051); 
and between R2 and R4 (76%±5, 48%±9, respectively p <0.05). 
 Figure 4-2 depicts bar charts showing, along with the statistical differences, 
the effect of repeated episodes of transient hypoxia on spontaneous uterine 
contractility in non-pregnant rats.  
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Figure 4-1: The effect of transient and multiple episodes of 5min hypoxia on 
spontaneous uterine contractility in a non-pregnant rat. 
5mins Hypoxic episodes completely abolished the spontaneous contractility and when 
O2 was resumed contractions reappeared rapidly. Note that despite complete recovery 
during re-oxygenations, no rebound or gradual increase in force amplitude was seen 
(n=6-10).  
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Figure 4-2: The effects of repeated episodes of 5minutes hypoxia on contractile 
parameters during spontaneous uterine contractility in non-pregnant uterus. 
Bar charts showing the effect of multiple transient episodes of 5 minutes hypoxia on A) 
Force, B) Frequency and C) AUC of spontaneous uterine contractility in non-pregnant 
rat.  Any significant difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) 
denotes Recovery. 
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4.4.2    The Effect of Oxytocin (OT) on Spontaneous Uterine 
Contractility in Rats 
 
  In order to establish a good protocol for the effect of repeated episodes of 
hypoxia on uterine contractility under OT stimulation, it was important, initially, to 
establish the effect of OT on spontaneous uterine activity and the duration for 
which OT could produce steady contractions. Once spontaneous activity was 
obtained in 100% O2, the uterine strips were stimulated with 5nM OT and were left 
to equilibrate for a long time whilst OT was present. Application of OT caused an 
increase in basal force, force amplitude, and frequency of contractions and OT 
produced regular phasic contractions in both pregnant and non-pregnant tissues 
as long as it was present (Figure 4-3).  
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Figure 4-3: Representative traces for the effect of OT on uterine contractility in 
rat uterus.  Representative traces showing the effect of 5nM of OT on term pregnant 
(top trace) and non-pregnant (bottom trace) rat uteri. Note the increased in force 
amplitude and frequency and the maintenance of uterine activity as long as the OT 
was present.  
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4.4.3     The Effect of Multiple Episodes of Transient Hypoxia on 
Oxytocin-Induced Uterine Contractility in Term-Pregnant Rat 
 In figure 4-3, it can be seen clearly that OT is able to produce regular phasic 
uterine contractility in pregnant rat uterus for as long as it was present i.e. for more 
than 3 hrs.  In order to determine the effect of repeated episodes of 5mins hypoxia, 
term-pregnant uterine strips were stimulated by 5nM OT and were allowed to 
generate frequent and regular phasic activity until contractions became steady and 
stable.  After that, the first episode of 5mins hypoxia was applied and then, the 
tissue was re-oxygenated with 100% O2 for 20-30mins to allow full recovery. The 
effect was repeated for 5 hypoxia episodes (E1-E5). In all experiments, 
simultaneous measurement of O2 tension, inside the bath, was performed using a 
very sensitive O2 probe.  However, in some experiments, paired control tissue (in 
100% O2) was matched in another bath to observe any change in uterine activity 
over time.  I found that there was a gradual and progressive increase of contractile 
activity following repeated episodes of transient hypoxia. A typical trace is shown in 
(Figure 4-4A) with simultaneous measurement of PO2 in the bathing solution 
(n=11). Paired control experiment from the same rat is shown in (Figure 4-4B).   
The effect of repeated episodes of transient hypoxia on contractile 
parameter during hypoxic episodes 
 During hypoxic episodes, some uterine preparations responded to hypoxia 
either by complete abolition of activity or irregular and small activity. Because of 
these variations in response to hypoxia I measured only the AUC during hypoxic 
episodes (E1-E5) which represented the entire uterine activity and I compared the 
means of AUC among hypoxic episodes. 
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AUC 
 Analysis of AUC during hypoxic episodes showed a gradual and 
progressive increase of the values from 1st episode (E1, n=11) which was 20%±8 
into 5th episode (E5, n=7) which was 51%±11 but this was not statistically 
significant.  Figure 4-5D depicts a bar chart showing the mean value of AUC during 
hypoxic episodes (E1-E5).  
The effect of transient hypoxic episodes on contractile parameters during 
recovery periods  
Amplitude 
 In general, during recovery periods (from R1 to R5) there was a significant 
increase in force amplitude when compared to control. Significant differences were 
found between: 
 100% Control and R1 (125%±3, p <0.05, n=11), 
 Control and R2 (140%±4, p <0.05, n=11), 
 Control and R3 (156%±5, p <0.05, n=11),   
 Control and R4 (169%±7, p <0.05, n=11), 
 Control and R5 (180%±10, p <0.05, n=11 and 7 respectively), 
 R1 and R3 (125%±3 and 156±5 respectively, p <0.05, n=11),  
 R1 and R4 (125%±3 and 169%±7 respectively, p <0.05, n=11), 
 R2 and R4 (140%±4 and 169%±7 respectively, p =0.05, n=11), 
 R1 and R5 (125%±3 and 180%±10 respectively, p <0.5, n=11 and7 
respectively), and 
 R2 and R5 (140%±4 and 180%±10 respectively, p <0.05, n=11 and 7 
respectively). 
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Frequency 
 Analysis of the number of contractions, taken at 10 minute intervals, showed 
a general decrease after hypoxic episodes. There were significant differences and 
decreases between: 
 100% Control and R2 (79%±4, p <0.05, n=11), 
 Control and R3 (76%±4, p <0.05, n=11), 
 Control R4 (74%±5, p <0.05, n=11), and 
 Control R5 (73%±6, p <0.05, n=11 and 7 respectively). 
 
AUC 
 Analysis of the AUC, in a 10 minute period, showed that, from R1 to R5, 
there was a gradual and progressive increase in the value of AUC. There were 
significant differences between: 
 100% Control and R4 (121%±5, p <0.05, n=11), and 
 Control and R5 (126%±5, p =0.05, n=11 and 7 respectively). 
 The results show that there is an overall increase of uterine activity during hypoxic 
episodes and, also, during recovery. Figure 4-5 depicts bar charts with clear 
statistical differences. 
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Figure 4-4: A representative trace of the effect of hypoxic episodes on pregnant 
rat uterine contractility in the presence of oxytocin. 
A) A representative trace showing the effect of repeated episodes of 5mins hypoxia 
on uterine contractility in the presence of 5nM OT along with simultaneous 
measurement of PO2 tension (n=11). B) Paired control from the same rat which was 
also shown in figure 4-3; top panel. 
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Figure 4-5: The effect of repeated episodes of 5 minutes hypoxia on contractile 
parameters during OT-induced uterine contractility. 
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia on A) Force 
amplitude, B) Frequency and C) AUC during recovery periods of OT-induced uterine 
contractility in term-pregnant rat. D) Bar chart showing a gradual increase of the mean values 
of AUC during hypoxic episodes. Any significant difference is highlighted by bar and asterisk 
(*p = 0.05 or less), (R) denotes Recovery, E denotes hypoxic episode. 
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4.4.4    The Effect of Multiple Episodes of Transient Hypoxia on 
Oxytocin-Induced Uterine Contractility in Non-Pregnant Rat 
 Figure 4-3 (the bottom trace) shows a recording trace of the effect of 5nM 
OT on non-pregnant rat uterine contractility. This shows that, as long as it is 
present, OT is able to induce regular and phasic uterine contractility for a long 
period. Transient four episodes (E) of 5mins hypoxia separated by periods of 20-
30mins of recovery (R) were applied whilst OT was present throughout the entire 
experiment.  Figure 4-6A (n=8) shows a typical representative trace. 
 
The effect of repeated episodes of transient hypoxia on contractile parameter 
during hypoxic episodes 
 As mentioned before, because there were variations in response to hypoxic 
episodes among the samples and due to the short hypoxic durations I measured 
only the AUC during hypoxic episodes which represented the entire uterine activity 
during the episodes and I compared the mean values of AUC between the hypoxic 
episodes.  
AUC 
 Analysis of AUC during hypoxic episodes showed a gradual decrease of the 
values from 1st episode (E1, n=8) which was 11%±2 into 4th episode (E4, n=8) 
which was 4%±1 but this was not statistically significant. Figure 4-6B shows this 
clearly in a bar chart.  
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The effect of transient episodes of hypoxia on contractile parameters during 
recovery periods 
Amplitude 
 Analysis of the force amplitude revealed no significant difference between 
recovery periods or when compared to 100% control (n=8). 
 
Frequency 
 Analysis of the number of contractions in 10 minutes periods showed a 
general and gradual decrease of frequency after hypoxic episodes. There were 
significant differences between: 
 100% Control and R2 (83%±2, p <0.05, n=8), 
 Control and R3 (77%±3, p <0.05, n=8), 
 Control and R4 (75%±4, p <0.05, n=8), 
 R1 and R3 (90%±2 and 77%±3 respectively, p <0.05, n=8), and 
 R1 and R4 (90%±2 and 75%±4 respectively, p <0.05, n=8). 
 
AUC 
  As expected from the gradual decrease in frequency and no change in force 
amplitude, analysis of the AUC showed, also, a gradual decline of the values of 
AUC after hypoxic episodes. There were significant differences between: 
 100% control and R3 (74%±6, p <0.05, n=8), 
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 Control and R4 (70%±5, p <0.05, n=8), and 
 R1 and R4 (91±3 and 70%±5 respectively, p <0.05, n=8). 
 
The results show that there is a decrease in uterine activity after repeated 
episodes of 5min hypoxia on OT-induced uterine activity in non-pregnant rats. 
Figure 4-7 shows bar charts with clear statistical differences.  
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Figure 4-6: A representative trace for the effect of hypoxic episodes on 
non-pregnant rat uterine contractility in the presence of oxytocin 
A) A typical trace showing the effect of repeated episodes of 5mins hypoxia on 
uterine contractility in the presence of 5nM OT in non-pregnant rat. 
B) Bar chart showing a gradual decrease of the values of AUC during hypoxic 
episodes, (E) denotes hypoxic episode. 
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Figure 4-7: The effect of repeated episodes of 5 minutes hypoxia on contractile 
parameters during OT-induced uterine contractility in a non-pregnant rat. 
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia on A) Force, 
B) Frequency and C) AUC during OT-induced uterine contractility in a non-pregnant 
rat (n=8). Any significant difference is highlighted by bar and asterisk (*p = 0.05 or 
less), (R) denotes Recovery. 
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4.4.5     The Effect of Multiple Episodes of Transient Hypoxia on 
Oxytocin-Induced Uterine Contractility in 18-Day Pregnant Rat  
 The spontaneous uterine contractions from 18 day pregnant rat uterus were 
irregular and infrequent and the uterus was almost in a quiescent state. Because of 
this, all uterine preparations, obtained from the 18-day pregnant rats, were 
stimulated with 5nM OT to maintain and drive the contractions and to keep the 
uterine activity as frequent as possible. Application of 5nM OT caused regular 
uterine contractions, and once contractions became regular and frequent under OT 
stimulation, the effect of repeated transient episodes of 5mins hypoxia was applied 
separated by periods of recoveries. Figure 4-8 (n=9) shows a typical trace. 
  
The effect of repeated episodes of transient hypoxia on contractile parameter 
during hypoxic episodes 
AUC 
 Application of hypoxic episodes abolished always the uterine activity in all 
uterine preparations from the 18 day pregnant rats and, upon re-oxygenation, 
activity reappeared. Analysis of the AUC showed a gradual and small decline of 
the values from the 1st episode of hypoxia (E1, n=9) which was 17%±4 to the 3rd 
episode (E3, n=9) which was 14%±4. This was not significantly different.  Figure 4-
9D depicts a bar chart. 
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The effect of repeated episodes of transient hypoxia on contractile 
parameters during recovery periods 
 
Amplitude 
 Although activity recovered during re-oxygenations, analysis of force 
amplitude showed no significant difference during recovery periods or when 
compared to 100% (n=9). 
 
Frequency  
 Analysis of the number of contractions, in a ten minute period, showed a 
gradual decrease of frequency after hypoxic episodes. There were significant 
differences between:  
 100% control and R1 (82%±3, p <0.05, n=9), 
 Control and R2 (68%±5, p <0.05, n=9), 
 Control and R3 (60%±4, p <0.05, n=9), and 
 R1 and R3 (82%±3 and 60%±4 respectively, p =0.05, n=9). 
AUC 
 As expected from the decrease in frequency and no change in amplitude, 
analysis of AUC showed a gradual decrease of the values of AUC after hypoxic 
episodes. There were significant differences between: 
 100% control and R1 (85%±4, p <0.05, n=9), 
 Control and R2 (73%±4, p <0.05, n=9), 
 Control and R3 (68%±4, p <0.05, n=9), and 
 R1 and R3 (85%±4 and 68%±4 respectively, p <0.05, n=9). 
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The data demonstrates that the uterine contractile activity declined during 
hypoxic episodes and, also, during recovery in 18 day pregnant rat uteri.  Figure 4-
9 shows bar charts with clear statistical differences. 
 
  
 
 
Figure 4-8: A representative trace of the effect of transient hypoxic episodes 
on 18-day pregnant rat uterine contractility in the presence of oxytocin 
 A recording shows the effect of repeated episodes of 5mins hypoxia on uterine 
contractility in the presence of 5nM OT in 18-day pregnant rat uterus. Note that 
during re-oxygenations no rebound increase in force amplitude was seen during 
recovery periods (R1-R3; n=9). 
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Figure 4-9: The effect of repeated episodes of 5 minutes hypoxia on 
contractile parameters during OT-induced uterine contractility in 18-day 
pregnant uterus. 
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia on A) 
Force, B) Frequency, C) AUC during recovery periods and D) AUC during 
hypoxic episodes in 18-day pregnant rat. Any significant difference is highlighted 
by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery; (E) denotes 
hypoxic episode. 
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4.4.6    The Effect of Multiple Episodes of Transient Hypoxia on 
Spontaneous Uterine Contractility in Labouring Rat 
 From my previous data, it is now clear that repeated episodes of transient 
hypoxia could increase significantly the contractile activity only in uterine 
preparations obtained from term-pregnant rat (22 day gestation). However, the 
effect was not seen in uterine preparations obtained from 18 day pregnant rats. 
Consequently, it was interesting to establish if the effect was present, also, in 
uterine strips from labouring rats in order to gain a better understanding if this 
mechanism operated only near or during labour. After obtaining steady and regular 
spontaneous contractions from labouring uterine strips, the effect of repeated 
episodes of 5mins hypoxia was investigated.  Figure 4-10 (n=6) shows a typical 
trace. 
 
The effect of repeated episodes of transient hypoxia on contractile parameter 
during hypoxic episodes 
 Labouring tissues, contracting spontaneously, were more resistant to the 
effect of hypoxia as compared to other uterine strips from different gestations. 
Application of hypoxia reduced always uterine activity but never abolished it in all 
samples tested from labouring rats (n=6).  Figure 4-10 below shows a typical trace. 
AUC 
 Analysis of the AUC showed a gradual and slight increase of the values 
from the 1st episode of hypoxia (E1, n=6), which was 17%±2, to the 3rd episode 
(E3, n=6) which was 23%±2. This was not significantly different. Figure 4-11D 
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depicts a bar chart showing a summary of the means of AUC during hypoxic 
episodes. 
The effect of repeated episodes of transient hypoxia on contractile 
parameters during recovery periods  
Amplitude 
 Generally, there was a gradual increase of force amplitude during recovery 
periods. There was a significant increase in the mean force amplitude during R2 
(111%±3, p <0.05) as compared to 100% control and a significant increase in force 
during R3 (112%±3, p <0.05) as compared to control. 
 
Frequency  
 Analysis of the number of uterine contractions, in a 10 minute period, 
showed a gradual decrease of the frequency after repeated hypoxic episodes. 
There was a significant difference between 100% control and R3 (76%±6, p 
<0.05).  
AUC 
   Analysis of AUC did not show any significant difference in the values of 
AUC during recovery periods or when compared to control 
 These pieces of data show that there is a general increase of uterine activity 
during hypoxic episodes and, also, during recovery periods in labouring rats.  
Figure 4-11 depicts the effect of transient hypoxia on contractile parameters along 
with statistical differences in bar charts. 
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Figure 4-10: A representative trace of the effect of transient hypoxic 
episodes on spontaneous uterine activity in labouring rat. 
 A typical trace shows the effect of repeated episodes of 5mins hypoxia on 
spontaneous uterine contractility in a labouring rat. Note that during recovery 
periods contractions recovered with larger force when compared to the preceding 
recovery period. 
 
 
 
 
 
182 
 
 
 
 
                  
 
 
           
 
Figure 4-11: The effect of repeated episodes of 5mins hypoxia on contractile 
parameters during spontaneous uterine activity in a labouring rat. 
Bar charts show the effect of multiple episodes of 5 minutes hypoxia on A) Force 
amplitude, B) Frequency, C and D) AUC during hypoxic episodes and recovery 
periods in a labouring rat during spontaneous uterine activity. Any significant 
difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes 
Recovery; (E) denotes hypoxic episode. 
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4.4.7    The Effect of Multiple Episodes of Transient Hypoxia on 
Oxytocin-Induced Uterine Contractility in Labouring Rat 
 To see if the effect of transient hypoxic episodes could produce a stronger 
response when compared to spontaneous activity in labouring rats, repeated 
episodes of 5mins of hypoxia were applied whilst OT was present throughout the 
entire experiment.  Figure 4-12 (n=6) shows a typical trace.  
 
The effect of repeated episodes of transient hypoxia on contractile parameter 
during hypoxic episodes 
 The response of labouring uterine preparations to hypoxic episodes was 
different in labouring rats as compared to term-pregnant rats (i.e. 22-day gestation) 
when OT was present. Hypoxic episodes applied on OT-induced uterine 
contractility abolished always the uterine activity in labouring rats as compared to 
uterine preparations from 22-day pregnant rats. Further to that, uterine 
preparations, contracting spontaneously from labouring rats (Figure 4-10), were 
resistant to hypoxic episodes as compared to OT-induced contractility from the 
same rats (Figure 4-12).  For this reason, no analysis for AUC was carried out 
during hypoxic episodes since no activities were recorded in all samples tested 
from labouring rats under OT stimulation (n=6). 
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The effect of repeated episodes of transient hypoxia on contractile 
parameters during recovery periods 
Amplitude 
 Analysis of the force amplitude showed a gradual and significant increase in 
the mean force amplitude during recovery periods. There was a significant 
increase in the mean force amplitude during R2 (118%±4, p <0.05) compared to 
100% control and there was, also, a significant increase during R3 (121%±3, p 
<0.05) as compared to control. 
 
Frequency  
 Analysis of the number of contractions, taken in a ten minute period, 
showed a gradual decrease of frequency after repeated episodes of transient 
hypoxia. There was a significant difference between 100% control and R2 (76%±6, 
p <0.05) and, also, between control and R3 (71%±6, p <0.05).  
 
AUC 
 Analysis of AUC did not show any significant difference during recovery 
periods or when compared to 100% control. 
 These pieces of data showed that contractile activity could increase after 
repeated episodes of transient hypoxia in labouring uterine tissues stimulated with 
OT.  Figure 4-13 depicts the effect on contractile activity with statistical differences 
in bar charts. 
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Figure 4-12:  A representative trace showing the effect of transient hypoxic 
episodes on OT-induced uterine contractility in a labouring rat. 
 Recording of uterine contractions induced by 5nM OT and the application of 
transient repeated episodes of 5mins hypoxia in labouring rat. Note the rebound 
increase in force amplitude during recovery periods and, also, note that hypoxia 
abolish the uterine activity always when OT was present (n=6).  
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Figure 4-13: The effect of repeated episodes of 5mins hypoxia on contractile 
activity during OT-induced uterine contractility in a labouring rat. 
Bar charts show the effect of multiple episodes of 5 minutes hypoxia on A) 
Amplitude, B) Frequency, and C) AUC during recovery periods whilst OT was 
present in a labouring rat. Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery.  
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4.4.8    Comparisons of Data from the Effect of Multiple Episodes of 
5mins Hypoxia on Spontaneous and OT-Induced Uterine Contractility 
in Term-Pregnant and Labouring Rats  
 My previous data showed that the rebound increase of force amplitude  
occurred after multiple episodes of 5 minutes hypoxia during spontaneous and OT-
induced uterine activity in both term-pregnant (22-day gestation) and labouring 
rats. So, to see if there was any difference between the two gestations, I compared 
the mean contractile parameters (amplitude, frequency and AUC) during recovery 
periods (R1-R3). Unpaired student t-test was used to compare the two groups. The 
analyses revealed that term pregnant uterine tissues responded with larger force 
during all recovery periods when tissue was contracting spontaneously or under 
OT stimulation as compared to labouring tissues (Table 4-2). Table 4-3 below 
shows summaries of the comparison of the mean frequency between the two 
groups and Table 4-4 below shows the mean AUC. 
Table 4-2: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) for spontaneous and OT-induced uterine contractility in 
term-pregnant and labouring rats. 
 
                          Recovery periods 
Force amplitude           R1         R2          R3 
Term-pregnant 
 
113%   (n=13) 
123%  (n=13) 133%  (n=12) 
Labouring 
 
109%   (n=6) 111%   (n=6) 112%  (n=6) 
P  value n/s n/s < 0.05 
Term-pregnant 
 
125%  (n=11) 
140%  (n=11) 156%  (n=11) 
Labouring 
 
111%  (n=6) 118%  (n=6) 121%  (n=6) 
P  value n/s n/s n/s 
         
OT 
         
Spont-
aneous 
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Table 4-3: Summary of the mean frequency data (normalised to 100% control) 
during recovery periods (R1-R3) for spontaneous and OT induced-uterine 
contractility in term-pregnant and labouring rats.  
         Recovery periods 
Frequency           R1         R2          R3 
Term-pregnant 
 
91%  (n=14) 
80%  (n=14) 76%  (n=12) 
Labouring 
 
89%  (n=6) 87%  (n=6) 76%  (n=6) 
P  value   n/s   n/s   n/s 
Term-pregnant 
 
84%  (n=11) 
79%  (n=11) 76%  (n=11) 
Labouring 
 
87%  (n=6) 76%  (n=6) 71%  (n=6) 
P  value n/s n/s n/s 
 
                 n/s denotes not significant 
 
      
Table 4-4: Summary of the mean AUC data (normalised to 100% control) during 
recovery periods (R1-R3) for spontaneous and OT induced-uterine contractility in 
term-pregnant and labouring rats. 
                              Recovery periods 
AUC           R1         R2          R3 
Term-pregnant 
 
96%  (n=14) 
84%(n=14) 91%  (n=12) 
Labouring 
 
98%  (n=6) 96%(n=6) 89%  (n=6) 
P  value n/s    n/s    n/s 
Term-pregnant 
 
108%  (n=11) 
110%  (n=11) 115%  (n=11) 
Labouring 
 
101%  (n=6) 101%  (n=6) 105%  (n=6) 
P  value n/s n/s n/s 
         
                n/s denotes not significant  
         
OT 
         
Spont-
aneous 
         
OT 
         
Spont-
aneous 
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4.4.9    Comparison of Data from the Effect of Multiple Episodes of 
5mins Hypoxia on Spontaneous and OT-Induced Uterine Contractility 
in Term-Pregnant Rats 
 In chapter 3, I showed that repeated episodes of 5mins hypoxia resulted in 
a significant rebound increase of force amplitude during spontaneous uterine 
contractility in term-pregnant rats (22-day gestation). In this chapter I demonstrated 
that the same response was seen, also, when OT was present in term-pregnant 
rats. Therefore, in order to see if there was any difference in the mean force 
amplitude between spontaneous and OT-induced uterine contractility in term-
pregnant rats, I compared the mean amplitude from the two groups by using 
unpaired student t-test. Statistical analysis showed that there was a significant 
increase of the mean force amplitude during all recovery periods (R1-R4) when the 
tissue was contracting under OT stimulation when compared to contracting 
spontaneously. Table 4-5 below summarizes the mean force amplitude data 
between the two groups.     
Table 4-5: Summary of the mean amplitude data (normalised to 100% control) 
during recovery periods (R1-R4) between spontaneous and OT-induced uterine 
contractility in term-pregnant rats. 
               Recovery periods 
Force 
amplitude 
          R1         R2          R3   R4 
 
Spontaneous 
 
113% 
(n=13) 123% 
(n=13) 
133% 
(n=12) 
137% 
(n=9) 
 
Oxytocin 
 
125% 
(n=11) 
140% 
(n=11) 
156% 
(n=11) 
169% 
    (n=11) 
P  value <0.05 <0.05 <0.05 <0.05 
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4.4.10 The Effect of Transient Hypoxic Episodes on Oxytocin-
Induced Uterine Contractility in Humans  
 An investigation into the effect of transient hypoxic episodes on human 
uterine contractility was carried out on human myometrial strips under OT 
stimulation. A total of 26 uterine biopsies (including labouring and non-labouring 
samples) were obtained from 26 women undergoing Caesarean section (CS) with 
full consent (please see appendix1-3 for ethical approval and consent forms). 
Table 4.6 below presents a summary of the patients’ demographics and Table 4.7 
below gives detailed demographics.  
From the total biopsies only 6 samples were obtained from women who were in 
active labour (labouring samples) and the remaining (20 biopsies) were obtained 
from women who were not in active labour for elective CS (non-labouring). Some 
uterine samples were able to produce frequent contractions and since regular and 
frequent contractions were vital to the hypoxic protocol, I excluded those that were 
not doing so.  
 
Table 4-6: Summary of demographics for the patients whom uterine biopsies 
were collected form- showing the average Age, Birth weight, Parity, and 
gestational age. 
Age 
(years) 
  Birth weight (g) Parity   Gestational Age (weeks) 
 
30 
 
3421 
 
1 
 
38 
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Table 4-7: Demographics for the patient studied – showing the Age, Birth weight, 
Parity, reason for Caesarean section (CS), gestational age, and the type of sample. 
No 
  Age 
(Years) 
Birth 
weight (g) 
Parity Indication for CS 
Gestational   
age (weeks) 
Sample 
type 
1 31 4895 0 Failed IOL 42 Emergency              
2 32 1250 1 PROM and chorioamnionitis 29 Emergency              
3 33 4620 1 Previous CS 39 Elective 
4 19 3105 1 Previous CS 36 Elective 
5 30 3150 1 Previous CS 39 Elective 
6 30 2825 2 Previous CS 39 Elective 
7 29 2690 2 Insulin-dependent diabetic 37 Elective 
8 28 3840 1 Previous CS 38 Elective 
9 27 3350 3 Previous CS 38 Elective 
10 26 3065 1 Breech 40 Elective 
11 22 2950 1 Previous CS 38 Elective 
12 30 3595 2 Previous CS 38 Elective 
13 31 3690 1 
Previous traumatic vaginal 
delivery 
39 Elective 
14 31 3735 1 Previous CS 39 Elective 
15 43 3995 1 Previous CS 39 Elective 
16 27 3150 1 Breech 39 Elective 
17 26 3835 3 Previous CS 39 Elective 
18 41 4050 1 Previous CS 39 Elective 
19 32 1900, 2300 1 Twins - IUGR 36 Emergency 
20 41 4620 1 
Previous traumatic vaginal 
delivery 
41 Elective 
21 41 3405 4 
Previous CS 39 Elective 
22 34 3715 1 Not known 40 Elective 
23 29 3800 1 Previous CS 39 Elective 
24 28 1735 0 IUGR and foetal distress 36 Emergency 
25 31 3905 1 Foetal distress (FD) 41 Emergency 
26 24 2560 0 
Foetal distress - induced 
due to PROM 
36 
Emergency 
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4.4.10.1 The Effect of 10min Hypoxic Episodes on Labouring 
Human Uterine Samples 
From the 6 labouring samples, only 4 initiated regular contractions and were 
included in my study. Indications for emergency CS for these labouring samples 
were failed induction of labour (1 sample), and foetal distress (3 samples). 
The frequency of human uterine contraction is different from rats; i.e. human 
uterus contracts less frequently than in the rat. For this reason and to see the 
effect of hypoxia accurately, 10 minutes hypoxic duration was applied on human 
uterine strips. Application of the 1st hypoxic episode for 10mins reduced the 
contractile activity and upon 1st  re-oxygenation (R1), contractions recovered in all 
4 labouring samples with significant rebound increase in force amplitude compared 
to 100% control (114% ±1, n=4, p <0.05). There was, also, a significant increase in 
the value of area under the curve (AUC) during R1 (110%± 1, n=4, p <0.05) 
compared to 100% control. However, 2 out of 4 samples stopped contractions 
suddenly after some time which might have been due to fatigue and, in 1 strip out 
of 4, the activity became irregular and infrequent. As a result, the 2nd hypoxic 
episode could not be applied. However, out of the four, the remaining strip 
continued to contract. Application of the 2nd hypoxic episode, for 10mins on that 
sample, resulted in a reduction of contractile activity and upon 2nd re-oxygenation 
(R2), contractions recovered with greater force compared to control or R1 but as it 
was only 1 sample, no statistical analysis was carried out (Figure 4-14A).  
Figure 4-14B below presents bar charts showing the effect of hypoxia on 
force amplitude and AUC in human labouring uterine samples. 
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4.4.10.2 The Effect of 10mins Hypoxic Episodes on Non-Labouring 
Human Uterine Samples 
 From the 20 non-labouring biopsies obtained, only 7 samples contracted 
frequently and steadily under 5nM OT stimulation and the remaining 13 biopsies 
were either not initiating any activity from the beginning or contracted for a short 
time and, then, stopped before the experiments began or contracted for a long time 
with infrequent and unstable activity. Therefore, those biopsies were excluded from 
the study and only 7 viable samples were studied as non-labouring samples. 
Indications for elective CS for these non-labouring viable samples included, 
previous CS (4 samples), previous traumatic vaginal delivery (1 sample), and 
breech presentation (2 samples).  
  In order to establish the effect of repeated episodes of hypoxia on non-
labouring human samples, myometrial strips were stimulated with 5nM OT and 
were allowed to equilibrate until the activity became stable. Once contractions 
became stable and frequent under OT stimulation, the 1st hypoxic episode was 
applied for 10mins which reduced the contractile activity. During 1st re-oxygenation 
(R1), contractions recovered completely but with no significant rebound increase in 
force amplitude when compared to 100% control (98%±1, n=6; p > 0.05). 
Furthermore, during the 2nd recovery (R2), contractions recovered but reduced 
significantly when compared to 100% control (93%±3, n=5 and 6 respectively; p 
<0.05) and reduced, also, when compared to the 1st recovery (Figure 4-15A shows 
a typical trace). However, there was only one biopsy from non-labouring women 
(where the CS for this sample was performed for Breech presentation at a 
gestational age of 40weeks) which responded with an increase of force amplitude 
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during 1st recovery compared to control period and since it was only one sample, 
no statistical analysis was carried out.  
Figure 4-15B below presents bar charts showing the effect of hypoxic 
episodes on amplitude and AUC in non-labouring uterine contractions in humans. 
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Figure 4-14: The effect of hypoxic episodes on OT-induced uterine contractility in 
labouring human samples. 
A) A representative recording of uterine contractions induced by 5nM OT and the 
application of transient repeated episodes of 10mins hypoxia on human labouring 
uterine contractility. Note the decrease in contractile activity during hypoxia and the 
rebound increase of force amplitude during recovery periods (n=1-4). 
B) Bar charts for the effect of hypoxia on i) force amplitude and ii) AUC in labouring 
uterine tissue in humans. Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery. 
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Figure 4-15: The effect of hypoxic episodes on uterine contractility in non-labouring 
human samples. 
A)   A representative recording of human uterine contractions obtained from women 
undergoing elective Caesarean section (non-labouring biopsy). Uterine contractions were 
induced by 5nM OT and the effect of 2 hypoxic episodes was applied for10mins. Note that 
non-labouring samples responded to hypoxia by a decrease in the activity and upon-re-
oxygenation contractions recovered without any rebound increase of contractile activity.  
B)   Bar charts for the effect of repeated episodes of hypoxia on i) force amplitude and ii) AUC 
of non-labouring uterine tissue in humans. Any significant difference is highlighted by bar 
and asterisk (*p = 0.05 or less), (R) denotes Recovery 
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4.5  Discussion 
The results of this chapter showed that there were gestational differences 
between rats in response to repeated transient hypoxic episodes and that the 
rebound increase in contractile activity was seen only in term-pregnant and 
labouring uterine tissues. The non-pregnant rat uterus was less resistant to the 
effect of hypoxia when compared to pregnant or labouring tissues and this finding 
was consistent with previous findings in human tissues (Bugg, Riley et al. 2006). 
Moreover, repeated episodes of transient hypoxia were able to significantly 
decrease the frequency of spontaneous uterine contractions during recovery 
periods in non-pregnant rats compared to paired controls. The inability of the non-
pregnant tissue to show a rebound sustained increase in contractile activity 
suggests the presence of specific mechanisms in term-pregnant/labouring tissues 
which were not found in non-pregnant or day 18 pregnant tissues. These 
differences may be explained by the differences in the expression of ion channels 
or the biochemical changes which occur in the myometrium throughout pregnancy 
and changes which occur according to the physiological state of the uterus.  
So far, the data confirm that hypoxic preconditioning (i.e. increased uterine 
contractile activity with repeated episodes of transient hypoxia) operated in uterine 
tissues very close to or during labour when the contraction were arising 
spontaneously or under OT stimulation. For spontaneous contractions to occur, 
depolarization of myometrial membrane and calcium influx via VGCC must occur 
and my data suggest that hypoxic preconditioning may involve membrane 
excitability and VGCCs judging from the presence of effect during spontaneous 
contractions in term-pregnant/labouring tissues. Further studies on the effect of 
transient hypoxic episodes on fully depolarized uterine tissue are investigated in 
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the next chapter to establish if the effect of hypoxic preconditioning was beyond 
membrane excitation. 
 The rate of ATP hydrolysis was found to increase significantly during 
uterine ischaemia studied by 31P NMR spectroscopy resulting in low cytosolic 
[ATP] required for uterine contraction (Harrison, Larcombe-McDouall et al. 1994). 
However, it was shown, in cardiac myocytes, that repeated episodes of transient 
ischaemia decreased the ATP depletion and reduced the rate of anaerobic 
glycolysis which was conferred by ischaemic preconditioning (Reimer, Murry et al. 
1986). Periods of intermittent re-oxygenation can prevent the cumulative effect of 
repeated hypoxic episodes as many potential harmful metabolites such as lactate 
and H+ are washed out during intermittent re-oxygenations.    
I found that there was a variation between pregnant and non-pregnant 
uterine strips in response to the repeated episodes of transient hypoxia. It is 
postulated that the difference, which I saw, could be due to the difference in 
biochemical and metabolic changes which occur during pregnancy. The activity of 
lactate dehydrogenase enzyme (LDH) was reported to increase during pregnancy 
which prepares the pregnant myometrium to hypoxic episodes and anaerobic 
glycolysis during labour (Battellino, Sabulsky et al. 1971). When oxygen 
concentration is insufficient to maintain energy supply, this enzyme catalyses the 
conversion of pyruvate (the final product of glycolysis) into lactate.  It was reported, 
also, that the increased level of LDH during pregnancy declined gradually during 
normal labour (Makkonen, Puhakainen et al. 1982). Moreover, the concentration of 
phosphorus metabolites such as adenosine triphosphate [ATP], phosphocreatine 
[PCr] may change depending on physiological state of the myometrium (e.g. early-
pregnant, labouring, and non-pregnant uterus). It was found that the 
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concentrations of [ATP] and [PCr] increased predominantly and progressively in 
myometrial tissue during pregnancy compared to non-pregnant tissues (Dawson 
and Wray 1985). Therefore, all of these biochemical changes which occur during 
pregnancy are postulated to ensure adequate contractile activity and maintain the 
energy during parturition and may play, also, pivotal roles in augmentation and 
maintenance of powerful uterine activity during intermittent labour contractions 
which are not required by non-pregnant or early pregnant uteri.  
 In term-pregnant and labouring uterine preparations, application of short 
repeated episodes of hypoxia on spontaneous uterine activity resulted in a 
rebound and maintained increase in force amplitude during recovery periods; this 
was similar to a phenomenon known as “hypoxic preconditioning”. Moreover, 
comparison of contractile parameters between these gestations revealed that 
mean force amplitude was higher during recovery periods (R1-R3) in term-
pregnant tissue than in labouring.  Also, there was a significant increase in mean 
force amplitude in term-pregnant during the 3rd recovery period (p <0.05) 
compared to labouring tissue (Table 4-1).  However, the analyses of frequency 
and AUC revealed no significant differences between the two groups. Also, the 
same result was found when the two gestations were under OT stimulation. This 
can be explained by the fact that I defined the labouring tissue as “after the 1st 
pup delivery” and this could be a late stage of labour as the cervix had already 
dilated completely and some receptors might become desensitized (Taggart, 
Arthur et al. 2012). This can also be explained by that labouring uterus had 
started already to produce strenuous activity and since the rats were allowed to 
produce labour contractions until the 1st pup was delivered, by that time the 
uterus might have experienced already many hypoxic episodes in vivo and 
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adaptation to hypoxic episodes might have occurred. Moreover, exhaustion might 
be anticipated since labouring tissue had started already using the stored 
glycogen and ATP to deliver the pups.  
Because uterine stimulation by OT occurs during labour, I investigated the 
effect of repeated episodes of transient hypoxia on OT-induced uterine 
contractility in rat uteri from different gestations. I wanted to establish if the 
response was different from those occurring during spontaneous activity. 
Oxytocin (OT) is known to increase [Ca2+]i via release of Ca
2+ from the 
intracellular calcium stores (the SR) and to increase the sensitivity of 
myofilaments to Ca2+  (Thornton, Gillespie et al. 1992). In addition, OT binding to 
its receptors on pregnant myometrium can produce rapid calcium influx through 
ROCCs resulting in a rise in [Ca2+]i  (Monga, Campbell et al. 1999).  
Application of multiple episodes of 5mins hypoxia on non-pregnant uterus 
whilst OT was present showed no significant rebound increase in contractile 
activity during recovery periods as the response was similar to those seen during 
spontaneous activity. In contrast, in term-pregnant/labouring rat uteri, multiple 
5mins of hypoxic episodes resulted in a significant rebound increase in force 
amplitude and AUC during recovery periods under OT stimulation. Interestingly 
the effect of rebound increase in contractile activity was not seen in all uterine 
preparations from 18-day pregnant rats when OT was present. This can be 
explained by the fluctuation of the levels of oxytocin receptors (OTRs) throughout 
the pregnancy. Soloff et al. (1979) found that the levels of OTRs in myometrium 
increased dramatically at term (day 22 of gestation) and reached their maximal 
peak during parturition in rats (Soloff, Alexandrova et al. 1979). This finding might 
explain why all uterine samples which I obtained from 18-day pregnant rats (n=9), 
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did not respond with frequent contractions as compared to term-pregnant or 
labouring preparations when stimulated with the same concentration of OT. 
Moreover, Fuchs et al. (1970) demonstrated that, during pregnancy, OT was 
unable to induce labour 6 to 8 hours before term due to paucity of OTRs in rat 
myometrium (Fuchs and Poblete 1970).  This can support the finding that 18-day 
pregnant uterus is less responsive to OT compared to any other uterine smooth 
muscles from different gestations.  All the changes, which occur during gestations 
and discussed in my introduction, can explain, in part, why the increase in 
contractile activity was not seen in non-pregnant or 18 day pregnant uterine 
tissue following the repeated episodes of transient hypoxia. 
The uterine activity, in non-labouring tissues such as those in 18-day uterine 
strips, was very slow and infrequent compared to uterine strips from other 
gestations. This could be due to some inhibitory factor present already in 
myometrial tissue, for example, a hormone such as progesterone or the high 
expression of BK channel which are required to maintain pregnancy. 
Progesterone is an essential hormone for the maintenance of pregnancy until 
term ends. It was found that, in order to maintain uterine quiescence and 
relaxation, this hormone down-regulates the gap junction protein (Cx43) in 
pregnant human uterine smooth muscle until term approaches (Zhao, Kuperman 
et al. 1996).   
In the previous chapter, I showed that hypoxic preconditioning was present 
in term-pregnant uterus, during spontaneous activity, and, in this chapter, I showed 
that the same phenomenon was present, also, in term-pregnant uterine strips 
under OT stimulation.  In order to establish if there was any difference in response 
between the two groups, I compared the mean force amplitude during recovery 
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periods from spontaneous and OT-induced uterine contractions. Statistical analysis 
showed a significant increase in the mean force amplitude during all recovery 
periods (R1- R4) in the OT-induced contractions group compared to spontaneous 
contraction in term-pregnant rats (p < 0.05; table 4-7). This finding suggests that, 
although hypoxic preconditioning occurred in both groups, other mechanisms 
augmenting the activities are postulated to be activated by OT stimulation. The OT 
can activate calcium-dependent and calcium-independent pathways.  It increased 
not only calcium, via VOCCs following depolarization, but, also,  it could increase 
[Ca2+]I via other calcium channels such as ROCCs and SOCCs (Monga, Campbell 
et al. 1999). OT stimulates its receptors which are coupled to GPCRs resulting in 
PLC activation and the generation of IP3 which, subsequently, mobilizes calcium 
from the SR and, thereby,  elevates the [Ca2+]i (Thornton, Gillespie et al. 1992). 
Also, OT  can increase uterine activity by calcium-independent pathway  since OT 
can activate the monomeric G-protein, rhoA which, subsequently, activates rho-
associated kinase (ROK) resulting in increased calcium sensitivity to contractile 
proteins (Arthur, Taggart et al. 2007). A major role for ROK is the inhibition of 
MLCP which, eventually, potentiate the uterine activity. Recently, Taggart et al. 
(2012) found that rhoA/ROK2 expression was increased at term and preterm 
myometrium (Taggart, Arthur et al. 2012).    
 Therefore, these studies might explain why contractile activity was larger 
when OT was present than during spontaneous activity following repeated 
episodes of transient hypoxia as during spontaneous contractions, the 
depolarization activates only the calcium-dependent pathway whereas OT can 
activate both calcium dependent and independent pathways.         
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Another interesting finding, between labouring and term-pregnant tissue, is 
the response of uterine strips induced by OT to hypoxic episodes. In term-pregnant 
tissues, short hypoxic episodes resulted in either decrease or abolition of uterine 
activity during hypoxic episodes; however in the labouring tissue the situation was 
different. Hypoxic episodes abolished always the uterine activity induced by OT in 
all labouring samples tested (n=6, figure 4-12). Furthermore, in labouring tissue the 
hypoxic episodes never abolished the spontaneous uterine activity but decreased it 
(Figure 4-10). This could be explained by that, under OT stimulation, the labouring 
tissue responds quickly to hypoxic stimuli accompanying strong uterine 
contractions in order to protect from a rapid decline in metabolites and to use them 
as reserves to increase the activity upon re-oxygenations. Alternatively, it can be 
explained by that hypoxia, per se, can affect rapidly the sensitivity of contractile 
proteins to Ca2+ which are stimulated normally by OT-activated ROK in labouring 
than term-pregnant rat.     
 The data, from human myometria, show, for the first time, that hypoxic 
preconditioning can occur, also, after repeated transient episodes of hypoxia and 
that this is also dependent on the physiological state of the uterus. All viable 
human samples responded to hypoxia  through a reduction in contractile activity 
whilst, during re-oxygenation, some recovered with a rebound increase in force 
amplitude and others recovered with little or no change in contractile activity.  This 
suggested that no damage had occurred to the tissues during the duration of 
10mins hypoxia. The data, from labouring samples, showed clearly that all 
samples responded with significant increase in contractile activity during the 1st 
recovery period (p <0.05). The reason, for the emergency CS for these labouring 
samples, was mostly due to foetal distress (FD) which had occurred during labour. 
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However, it was found recently in vitro that uterine activity from women undergoing 
emergency CS for foetal distress/acidosis was significantly greater than uterine 
activity from women in labour having their CS for any other reason (Quenby, 
Matthew et al. 2011). The labouring samples, used in this chapter, were obtained 
mostly from women suffering foetal distress and these fitted with the suggestion 
that repeated and strong uterine contractions could lead to intermittent occlusion of 
uterine blood vessels and, hence, local uterine hypoxia resulting in foetal distress. 
It is known that multiple uterine contractions produce repeated occlusions of small 
blood vessels within the uterus resulting in concurrent, repeated hypoxic episodes 
(Brinkman 1990).  However, these repeated hypoxic episodes can affect the foetus 
and a healthy foetus can tolerate this. It  was reported that, during human uterine 
contractions, there was concurrent changes in foetal cerebral blood flow (Li, 
Gudmundsson et al. 2006) and that foetal cerebral acidosis was associated greatly 
with strong and intermittent uterine contractions (Bakker, Kurver et al. 2007). 
Moreover, for many years, studies  showed that stimulation or induction of labour, 
with OT, could lead to foetal distress or intrapartum foetal death (Fields, Greene Jr 
et al. 1959; Hess and Hon 1960; Greiss Jr 1966) since strong and repeated uterine 
contractions, induced by OT, could produce more hypoxic episodes and, hence, 
foetal acidosis and distress. There are variations, however, between women as 
some uteri are able to reduce the foetal oxygenation to a greater extent by 
producing strong and frequent uterine activity (Quenby, Matthew et al. 2011).  
These pieces of data, along with mine, may suggest that repeated episodes of 
transient hypoxia in labouring uterus, separated by periods of re-oxygenation, may 
result in uterine hypoxic preconditioning in vivo which  will drive the uterus to 
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contract forcefully and repetitively despite the hypoxic episodes which, eventually 
could lead to foetal distress in some women.   
Moreover, my data showed, also, that no significant increase in contractile 
activity was seen after repeated episodes of transient hypoxia in 6/7 non-labouring 
samples. However, one non-labouring sample showed a rebound increase of force 
during the first recovery.  The reason might be that this biopsy was very close to 
labour since it had completed already 40 weeks of gestation and the CS was 
performed for breech presentation.   
My data suggests also, that the closer the uterine tissue to labour the more 
chance for the tissue to have the protective mechanisms against hypoxic episodes. 
However, these pieces of data agreed with my data from rats since the nearer the 
uterine tissue is to or during labour the more chance of having strong contractions 
occurring during recovery periods after intermittent hypoxic episodes. Also, the fact 
that hypoxic preconditioning was absent in uterine strips from 18-day pregnant rat 
(non-labouring) may show some similarity in non-labouring human biopsies since 
most of these samples were obtained from women for elective CS before they 
completed the gestational weeks and early before labour started. . These data 
suggest that the mechanisms, involved in the rebound increase of contractile 
activity after repetitive transient hypoxic episodes, may be initiated very near to or 
during labour to ensure adequate and strong uterine activity during labour.    
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4.6    Conclusion 
 In this chapter, I have shown that hypoxic preconditioning was dependent 
on the physiological state of the uterus to occur. Hypoxic preconditioning was not 
seen in non-pregnant or day 18 pregnant tissues contracting either 
spontaneously or under OT stimulation, suggesting absence of the mechanisms 
responsible for this phenomenon before term. However, the increase in uterine 
activity following the repeated transient hypoxic episodes was seen in labouring 
rat during spontaneous contractions.  Oxytocin causes two-fold effects on uterine 
contractions; augmentation of the force amplitude via an increase in calcium 
signalling and influx through VGCC, and an increase in frequency and contraction 
duration via increasing sensitivity of contractile machinery to calcium, which 
suggested to be due to inhibition of MLCP activity in myometrium. When OT was 
present, hypoxic preconditioning operated in both term-pregnant and labouring 
tissues and the data showed that after transient repeated episodes of hypoxia, 
the strength of force was larger and stronger when compared to spontaneous 
activity, and this may be due the initiation of other mechanisms stimulated by OT. 
Moreover, the data showed that contractile activity was larger in term-pregnant 
compared to labouring rats. In addition, human data revealed that hypoxic 
preconditioning could also operate in labouring human myometrial tissue and not 
in non-labouring. So, these findings suggest that endogenous mechanisms 
involved in hypoxic preconditioning appear only just before or during labour.  
Therefore, in the next chapter, I examined some possible mechanisms which 
might be involved in the potentiation of uterine contractions during hypoxic 
preconditioning in term-pregnant tissues.  
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Chapter 5  
Mechanisms of Hypoxic Preconditioning in Term-
Pregnant Uterus 
5.1  Abstract 
 In the previous chapters, I showed that the phenomenon of hypoxic 
preconditioning was present only in term-pregnant or labouring tissues 
suggesting that the mechanisms involved are only augmented or expressed 
very close to, or at labour.  In this chapter, I investigated some proposed 
mechanisms that have been reported to play essential roles in other tissues 
during hypoxic preconditioning. Here, I demonstrate, in vitro, that application 
of repeated transient hypoxic episodes on depolarized term-pregnant uterus 
reduced the fall of force during subsequent hypoxic episodes, suggesting 
that the effect of hypoxic preconditioning occurred and the effect was 
beyond the excitation of myometrial membrane. I have shown that calcium 
entry during hypoxic episodes was not essential for the rebound increase of 
force to occur during re-oxygenation periods and the small activity during 
hypoxic episodes was not necessary for this sustained rebound increase in 
amplitude during recoveries. The increase in force amplitude can be partially 
reproduced by brief episodes of repetitive acidic (pH 6.9) but not alkalotic 
(pH 7.9) external pH in term-pregnant uterus. Repeated transient applications 
of extracellular ATP can mimic the effect of hypoxic preconditioning by 
increasing the force amplitude during and after ATP applications and 
blocking ATP receptor (P2X7) prevented the increase of force during repeated 
ATP episodes. In addition, I found that the increase of force amplitude during 
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repetitive episodes of transient hypoxia can be inhibited by blocking the 
adenosine (A1) receptor pathways, suggesting the implication of these 
receptors in mediating the effect.  Moreover, I have shown that blocking the 
biosynthesis of prostaglandin (PG) by blocking this pathway with cyclo-
oxygenase inhibitors (COX1 and COX-2) can abrogate the benefits of hypoxic 
preconditioning. Finally, I found that blocking either calcium-activated 
chloride channels (ClCa), or phospholipase C (PLC) pathways, in term-
pregnant uterus, can abolish the protective effect of hypoxic 
preconditioning.  My data with indo-1 showed that, during hypoxia, the basal 
[Ca2+]i increased significantly and returned to normal baseline during re-
oxygenation, but the rebound increase in contractility after hypoxic episodes 
is not due to increased calcium signalling. 
Conclusion: The mechanisms leading to the increased uterine contractility, 
after the repeated brief hypoxic episodes, may include stimulation of 
adenosine and purinergic receptors, and, a fall in external pH. The increase 
in contractility does not appear to be associated with increased Ca2+ 
transients, suggested that alteration of Ca2+ sensitivity is occurring.  
Together, my data suggest that this adaptive response to hypoxic episodes 
is brought about by multiple changes in external and internal environment 
during the hypoxic period. However, any defect in any of these mechanisms 
will decrease or prevent the beneficial effect of hypoxic preconditioning.  In 
addition, these responses occur only in the uterus close to term, suggesting 
that changes in expression of receptors, such as A1 and P2X7 would be 
expected to be occurring as part of the preparation for labour and delivery.  
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5.2   Introduction 
 
 Hypoxic /ischaemic preconditioning is a phenomenon in which, brief multiple 
episodes of hypoxia /ischaemia, improve uterine contractility and render the tissue 
more tolerant to subsequent hypoxic insults. To date, hypoxic /ischaemic 
preconditioning has been demonstrated in all tissues tested and the positive 
effects range from the decrease of size of reperfusion injury, to the improvement of 
contractility of the preconditioned tissue. My results from previous chapters have 
shown that hypoxic preconditioning was only found in uterine tissues very near to 
or during labour. Several mechanisms such as a reduction in oxygen consumption 
by the preconditioned cells, improved oxygen supply, and activation of some 
intrinsic cellular mechanisms have been proposed for this phenomenon.  It has 
been reported that, some triggers could be activated during hypoxic 
preconditioning such as adenosine and ATP release from hypoxic cells (Ninomiya, 
Otani et al. 2002), prostaglandin (Arad, Oxman et al. 1996), and acidosis-induced 
cellular protection during hypoxia /ischaemia (Flacke, Kumar et al. 2009). These 
triggers can activate cellular pathways which, eventually, protect the tissue from 
further injury and improve tolerance to hypoxic stresses.     
One of the leading mechanisms proposed for hypoxic preconditioning, is 
extracellular adenosine. Adenosine is found in all cells and body fluids and its 
production is mainly regulated by cellular energy consumption resulting in an 
increased release of adenosine to the extracellular space. If there is a reduction in 
blood flow, i.e. ischaemia, then the extracellular accumulation of adenosine is 
further increased.  As adenosine effluxes from hypoxic cells, it can act on its own 
receptors on the cell membrane and initiate signalling cascades which ultimately 
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results in cellular protection.  Adenosine has been found to play a significant role in 
preconditioning many organs against ischaemic or hypoxic injury, and several 
studies have reported that blocking adenosine A1 receptors pathway abolished the 
protective benefits of preconditioning (Kitakaze, Hori et al. 1993; Kodani, Bolli et al. 
2001; Bushell, Klenerman et al. 2002; Lankford, Yang et al. 2006). The metabolism 
of adenosine can occur by the action of two enzymes; adenosine kinase and 
adenosine deaminase. Once released, adenosine can exert various physiological 
effects which modulate cellular function depending on the site of production. These 
physiological functions can be mediated by four distinct adenosine receptors (P1) 
types which belong to G protein coupled receptors; these are A1, A2a and A2b, and 
A3 adenosine receptors. Few studies have characterized the subtypes of 
adenosine receptors in smooth muscle cells; particularly the uterine smooth 
muscle. It has been reported that A1 adenosine receptors are coupled to adenylyl 
cyclase inhibition via the inhibitory G protein (Gi) whereas A2 adenosine receptors 
are coupled to adenylyl cyclase stimulation via stimulatory G protein (Gs) (Williams 
1987).  
 In myometrium, a subclass of A1 adenosine receptor was characterized and 
cloned in pregnant guinea-pig myometrium which mediated myometrial 
contractions (Smith, Buxton et al. 1988; Schiemann, Westfall et al. 1991).  
However, in non-pregnant rats, only A2 receptor subtype were characterized which 
produced myometrial relaxation (Gillman and Pennefather 1998).   
ATP release has reported to be increased during hypoxia in many different 
cell types (Faigle, Seessle et al. 2008; Clarke, Williams et al. 2009). Once it 
crosses the cell membrane, it is either degraded into its metabolites such as 
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adenosine, or binds directly to its receptor.  ATP has also been implicated in 
protecting the cell from subsequent hypoxic injury (Kribben, Feldkamp et al. 2003).  
During labour, repetitive uterine contractions can be of such intensity  
leading to repetitive transient occlusions of uterine blood vessels (Greiss Jr 1965).  
Such a reduction in uterine blood flow can lead to metabolic changes to the 
contracting myometrium, which may affect the progression of labour. It has been 
found in vivo in rat myometrium, that occlusion of uterine artery resulted in a 
stimulation of anaerobic metabolism and a decrease in ATP and pH i (Larcombe-
McDouall, Harrison et al. 1998; Larcombe-McDouall, Buttell et al. 1999). It has 
been found that, during spontaneous uterine contraction, a transient intracellular 
acidification occurs and this is related to the strength of such contraction (Taggart 
and Wray 1993). Changes in external pH (pH0) can occur physiologically during 
respiratory acidosis or pathophysiologically during hypoxia. Furthermore, these 
changes in pH0 can be easily transmitted to the myometrial cytoplasm and affect 
cellular function (Wray 1988; Wray 1993). Austin et al. (1992) found that, whenever 
the external pH was altered there was also a corresponding alteration in pH i in 
smooth muscle of mesenteric vessels and the mechanism could be due to the high 
H+ permeability across the cell membrane which would alter the driving force for  
H+  entry when membrane potential changes (Austin and Wray 1993). As hypoxia 
is associated with acidosis, it is postulated that repeated episodes of extracellular 
acidosis can be a mechanism leading to hypoxic preconditioning. It has been found 
in myocardium that, during repeated ischaemic episode, there was a progressive 
diminution in myocardial acidosis with subsequent ischaemic episodes (Fleet, 
Johnson et al. 1985).   Hypoxia can cause acidosis due to increased anaerobic 
glycolysis and lactic acid accumulation. It has been found in human myometrium 
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that both extracellular and intracellular acidifications can decrease the uterine 
contractions produced spontaneously or under oxytocin stimulation (Parratt, 
Taggart et al. 1994; Pierce, Kupittayanant et al. 2003). These studies suggested 
that acidosis per se can inhibit force production directly at the level of cross-bridge 
cycling or can inhibit calcium entry via VGCCs. Interestingly, it has been 
demonstrated that preconditioning by external acidosis can protect the endothelial 
cells against cellular death via activation of  p38 and akt-dependent pathways 
(Flacke, Kumar et al. 2009), similar to hypoxic preconditioning. Single or repeated 
episodes of external acidifications in the absence of ischaemia /hypoxia have been 
found to precondition the myocardium and protect from ischaemic injury in the 
same way as in ischaemic or hypoxic preconditioning. These studies suggested 
that acidosis per se can be a trigger for preconditioning (Simkhovich, Whittaker et 
al. 1995; Lundmark, Trueblood et al. 1999).  
Another important proposed mechanism is the activation of 
cyclooxygenases during hypoxic preconditioning which can lead to prostaglandin 
(PG) biosynthesis which improves the tolerance against the repetitive hypoxic 
stimuli. Cyclo-oxygenases are the main enzymes found in the cells, and are 
responsible for PG biosynthesis. Cyclo-oxygenase enzymes exist in two isoforms; 
Cox-1 which is constitutively expressed in the cells where PG biosynthesis is 
constant and COX-2 which is inducible and associated with inflammation or cellular 
stress such as hypoxia. It has been reported that COX-2 levels are increased 
dramatically during hypoxia in pulmonary arterial smooth muscle cells (Yang, 
Sheares et al. 2002). It has been shown, in gastric smooth muscle, that ischaemic 
preconditioning was mediated mainly by PG-derived from COX-1 and COX-2 
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pathways and their inhibition abolished the protection against ischaemic insults 
(Konturek, Brzozowski et al. 2001).  
 
From previous chapters, I confirmed that hypoxic preconditioning occurs in 
uterus very close to or at labour. The purpose of this chapter was to elucidate 
some possible mechanisms that may be involved in hypoxic preconditioning in 
term-pregnant uterine tissue. To do this, I have investigated factors which are 
known to affect myometrial contractility (i) depolarization, (ii) oxytocin (iii) calcium 
entry, (iv) flow and (v) external pH change, and determined their effects on 
responses to repeated transient hypoxic episodes. I have, also, gone on to 
investigate the signalling pathways which may be important, in myometrium, by 
investigating the effects of antagonists on adenosine and ATP responses. Finally, 
measurements of intracellular calcium were made using Indo-1, to determine if 
hypoxic preconditioning produced increases in Ca2+ transients underlying the 
increased contractions.  
Proposed mechanisms which may be involved in hypoxic preconditioning, in 
pregnant uterus near term, were investigated and blocked as depicted in figure 5-1 
below. 
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Figure 5-1: Diagrammatic representation of the proposed mechanisms leading to 
hypoxic preconditioning in a term-pregnant uterus.  
During hypoxia, ATP can cross the cell membrane via connexin hemichannels which can then bind 
to P2X7 receptors leading to calcium influx through the channels. Thus, to test if this channel was 
involved in hypoxic preconditioning, I blocked it with a specific antagonist during the application of 
ATP and also during hypoxic episodes. ATP can, also, be degraded to adenosine which can cross the 
membrane via nucleoside transporter and then binds to A1 on the cell membrane. Both A1 and 
oxytocin receptors are coupled to GPCRS which can activate PLC resulting in a formation of IP3 and 
calcium release from the SR. To test if A1 was involved in hypoxic preconditioning, A1 antagonist 
was used during the transient hypoxic episodes. Moreover, OT receptors were also inhibited by 
Atosiban to see if the increase in force with transient hypoxic episodes was due to OT only. During 
hypoxic episodes, calcium may enter via VGCCs and may increase the contractility upon re-
oxygenations, so to test if calcium entry was involved in the rebound increase in force during re-
oxygenations; I induced hypoxic episodes in the absence of external calcium.  In addition, 
Arachidonic acid can be metabolised during hypoxic episodes resulting in a production of PGs with 
the help of cyclo-oxygenases (COX), thus, this pathway was blocked by COX inhibitors to test this. 
Moreover, ClCa channel and PLC were blocked with antagonists to test if they were involved in the 
increase in force following the repeated hypoxic episodes. Finally, as acidosis is a major component 
of hypoxia, I tested whether repeated episodes of external acidosis (which can be translated into 
the cell and cause internal acidosis) may increase the force as hypoxic episodes did. 
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5.3  Methods 
 
 Uterine tissues were obtained from term-pregnant (22 day of gestation) or 
non-pregnant rats. Tissue dissections and preparations for contractility and calcium 
experiments were performed as described in chapter 2 (methods).  
 
Experimental protocol 
The effect of hypoxic episodes on depolarized uterine strips 
 Uterine strips were challenged by 60mM KCl solution by isosmotic 
replacement of NaCl with KCl. When the strips went into maintained contracture, 
N2 was applied for 5mins and then the strips were perfused with normal Krebs 
solution for 10-15mins to allow complete relaxation and recovery. However, tissues 
were depolarized again with KCl and the effect of N2 was repeated for 4-5 times. 
 
The effect of hypoxic episodes in the presence of OTRs blocker (Atosiban) 
When spontaneous contractions were established the uterine strips were 
stimulated with 5nM OT and allowed to equilibrate and when steady and stable 
contractions were obtained the effect of OT was blocked by adding 5µM Atosiban 
and the tissues were allowed to generate spontaneous contractions; hence the 
effect of repeated episodes of transient hypoxia (5mins) was investigated under 
OTRs blockade. This was carried out to see if the rebound increase in force 
amplitude during recovery periods ‘’hypoxic preconditioning’’ and the maintained 
force might be due to oxytocin-driven force. 
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The effect of repeated episodes of 0 external Ca2+ on uterine contractility  
 Repeated episodes of 5mins (0 external calcium + 1mM EGTA) were 
applied on term-pregnant tissues contracted under the stimulation of 5nM OT in 
the presence of 100% O2 to see the effect on force amplitudes during recovery 
periods (R). However, another set of experiments were performed by applying 
repeated 5mins (0 external calcium) and simultaneous hypoxic episodes to 
investigate the effect on force amplitudes during recovery periods (R). 
 
The effect of repeated episodes of external acidification and alkalinization on 
uterine contractility  
 To investigate the involvement of pH changes in hypoxic preconditioning, 
repeated episodes of 5mins external acidification (pH 6.9) or external alkalinization 
(pH 7.9) were investigated on term-pregnant uterine preparations. When working 
with acidotic and alkaline solutions, care was taken to ensure no change to the pH 
of the solutions occurred throughout the entire experiments by intermittent 
checking the pH of the solutions with normal pH probe.  
The effect of multiple episodes of 2mins no-flow on spontaneous uterine 
contractility in rats 
 After obtaining spontaneous steady uterine contractions at the perfusion 
rate of 4ml/min in the presence of 100% O2, the rate was elevated to 10ml/min for 
1mins and then suddenly stopped completely for 2mins period. After that the tissue 
was re-perfused with normal rate (4ml/min) and the procedure was repeated 4-5 
times. The O2 was present throughout the entire experiment. The temperature of 
the bathing solution was carefully measured by digital thermometer (Kane-May, 
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UK) before, during, and after the episodes of no-flow to ensure constant 
temperature to the tissue throughout the entire experiments.  
 
Calcium experiments 
  Some experiments in this chapter were performed on myometrial strips 
loaded with calcium fluorescent indicator (Indo-1AM) to allow simultaneous 
measurements of both force and calcium as described in details in chapter 2. Indo-
1AM was shown to have no effect on myometrial contractility (Taggart, Menice et 
al. 1997). The effects of repeated episodes of hypoxia, changes in external pH, 
and KCl were investigated on calcium transient. 
 
Data analysis  
 The data were recorded with DataTrax for force measurement only or 
recorded with Axoscope data acquisition systems for simultaneous force and 
calcium. Data were then analysed in Origin8.1. Measurements of contractile 
parameters (force amplitude, frequency, and AUC) were determined. Statistical 
analysis was carried out using one way ANOVA and Bonferroni post hoc for 
correction, with a significance taken at p=<0.05. 
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5.4   Results 
 
5.4.1    The Effect of Multiple Episodes of Transient Hypoxia on KCl-
Induced Uterine Contractility in Term-Pregnant Rats 
 Application of 60mM KCl solution depolarizes the uterus and produces a 
long lasting elevation of force. This effect can persist for as long as the high K+ 
solution is present, and removal of KCl produces a rapid relaxation of the muscle. 
A typical trace is shown in figure 5-2, top trace. Application of 5mins hypoxia on 
KCl-induced contraction caused a significant decrease in force amplitude. 
However, repeated episodes of 5mins hypoxia resulted in a tolerance and 
resistance to the effect of hypoxia and decreased the fall of force during 
subsequent hypoxic applications (n=13). A typical trace is shown in figure 5-2, 
bottom trace).   
 
Force amplitude 
Measurement of force amplitude during the application of KCl was 
determined by measuring the value of the peak of KCl-induced contraction before 
hypoxia and subtracting it from the value of the peak of such contraction after the 
application of hypoxia. 
 Analysis of force amplitude during hypoxic episodes on KCl-induced uterine 
contracture revealed a significant improvement and gradual increase in force 
amplitude among hypoxic episodes (all mean amplitude data were normalised to 
100% control). There were significant differences between: 
 E1 and E2 (48%±4 and 63±3 respectively, p <0.05, n=13), 
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 E1 and E3 (48%±4 and 68±2 respectively, p <0.05, n=13), 
 E1 and E4 (48%±4 and 71±3 respectively, p <0.05, n=13),   
 E1 and E5 (48%±4 and 74±3 respectively, p <0.05, n=13), and   
 E2 and E5 (63%±3 and 74±3 respectively, p <0.05, n=13). 
 
AUC 
 Analysis of integral force taken in 10mins period did not reveal any 
significant differences between the hypoxic episodes although there was a gradual 
increase in the values from the 1st episodes (E1) which was 109±14 to the 5th 
episode (E5) which was 125±16. 
Bar charts for the comparison of contractile parameters with statistical differences 
are shown in figure 5-3. 
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Figure 5-2: The effect of KCl on uterine contraction and the effect of hypoxic 
episodes on depolarized strips in term-pregnant uterus.  
(Top trace): Application of 60 mM KCl solution causes tonic contraction.  
(Bottom trace): Application of repeated 5mins hypoxic episodes on a 
depolarized strip gradually decreased the fall of force and increase the tolerance 
against subsequent hypoxic episodes (n=13) in a term-pregnant rat uterus 
(n=13). Red bar indicates the fall of force during hypoxic episodes.     
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Figure 5-3: The effect of repeated transient hypoxic episodes on 
depolarized uterine strip on contractile parameters in term-pregnant rat 
uterus.  
Bar charts showing the effect of repeated episodes of 5mins hypoxia on KCl-
induced uterine contraction on A) Force amplitude and B) AUC. Note that 
repeated hypoxic episodes decreased the fall of force during hypoxic episodes 
a,nd increased tolerance against hypoxia. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (E) denotes hypoxic 
episode. 
A- Amplitude 
B- AUC 
% of 
control 
% of 
control 
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5.4.2    The Effect of Multiple Episodes of Transient Hypoxia on KCl-
Induced Uterine Contractility in Non-Pregnant Rats  
 Application of 1st hypoxic episode (E1) on non-pregnant depolarized strips 
induced by 60mM KCl, resulted in a significant decrease of force. However, 
repeated episodes of hypoxia on KCl-induced uterine contraction did not improve 
the fall of force (n=4). A typical trace is shown in figure 5-4.  
 
Force amplitude 
 Analysis of force amplitudes showed no improvement of the fall of force 
caused by transient hypoxic episodes and no significant differences were found 
between hypoxic episodes (p > 0.05). 
 
AUC 
 As expected from the analysis of force amplitude, no significant differences 
were also found between the values of AUC during hypoxic episodes (p > 0.05). 
Bar charts for the comparison of contractile parameters are shown in figure 5-5. 
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Figure 5-4: The effect of repeated episodes of hypoxia on KCl-induced 
uterine contraction in a non-pregnant rat uterus. 
Repeated episodes of 5mins hypoxia on depolarized uterine strip did improve the 
fall of force during subsequent hypoxic applications (p >0.05, n=4).  Red bar 
indicates the fall of force during hypoxic episodes. 
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Figure 5-5: The effect of repeated transient hypoxic episodes on 
depolarized uterine strip on contractile parameters in non-pregnant rat 
uterus 
Bar charts showing the effect of repeated episodes of 5mins hypoxia on 
depolarized strips on A) force amplitude and B) AUC in non-pregnant rat. Note 
that repeated hypoxic episodes did not improve the fall of force during hypoxic 
episodes. (E) denotes hypoxic episode. 
B- AUC 
A- Amplitude 
% of 
control 
% of 
control 
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5.4.3     The Effect of Repeated Episodes of Transient Hypoxia on OT-
Induced Uterine Contractility in the Presence of OTRs Blocker 
(Atosiban) in Term-Pregnant Rats 
Addition of 5nM OT to spontaneously active uterine strips increased the 
force amplitude and frequency and blocking the OTRs with 5µM Atosiban in the 
presence of OT decreased the force amplitude, frequency, and the baseline 
indicating inhibition of OTRs. Removal of Atosiban increased the force amplitude 
and frequency as well as the baseline tension. However, application of transient 
hypoxic episodes in the presence of Atosiban did not prevent the occurrence of 
hypoxic preconditioning in term-pregnant rat uterus. A typical trace is shown in 
figure 5-6.  
The effect on hypoxic episodes 
 Initial hypoxia decreased the uterine activity but application of repeated 
hypoxic improved the contractility during subsequent hypoxic episodes (Figure 5-
6). 
 
AUC 
 Analysis of integral force showed that there was a gradual and progressive 
increase in the values of AUC during hypoxic episodes. There was a significant 
increase in the mean value of AUC during the E3 (10.35% ± 1) compared to the E1 
(5% ± 0.8, p <0.05; n=4). 
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The effect on recovery periods (R1-R3) 
Force amplitude 
Application of three episodes of 5mins hypoxia resulted in a rebound and 
gradual increase in force amplitude during recovery periods (R1-R3). There were 
significant differences between: 
 100% control and R1 (134%±5, p <0.05, n=4), 
 Control and R2 (150%± 5, p <0.05, n=4),  
 Control and R3 (166%± 5, p <0.05, n=4), and  
 R1 and R3 (134%± 5 and 166%± 5 respectively, p <0.05, n=4).   
 
Frequency 
  Analysis of the number of contractions, in 10mins period, showed no 
significant difference between recovery periods (R1-R3) or when compared to 
100% control. 
 
AUC 
 Analysis of AUC revealed increased values during recovery periods (as 
would be expected due to significant increase in force amplitude and no change in 
frequency). There were significant differences between the 3rd recovery (R3) 
compared to 100% control (142%± 8, p <0.05, n=4) and also between the R1 
(110± 7) compared to the R3 (142%± 8, p <0.05, n=4). 
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These findings indicate that the increase in uterine activity during OT 
application was not due to the mechanisms stimulated solely by OT. Bar charts for 
the comparison of contractile parameters with statistical differences are shown in 
figure 5-7.    
 
 
 
Figure 5-6: The effect of repeated episodes of transient hypoxia on uterine 
contractility in the presence of OTRs blocker. 
Repeated episodes of 5mins hypoxia in the presence of 5µM Atosiban did not 
abolish the increase of force following transient hypoxic episodes. Note the 
decrease in baseline and frequency when Atosiban was added and the increase 
in frequency and baseline tension when Atosiban was removed. 
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Figure 5-7: The effect of repeated episodes of 5 minutes hypoxia on 
contractile parameters in term-pregnant rat uterus in the presence of 
Atosiban.  Bar charts showing the effect of multiple episodes of 5 minutes 
hypoxia in the presence of 5µM Atosiban on A) Force, B) Frequency, C and 
D) AUC during hypoxic episodes and recovery. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) 
denotes hypoxic episode. 
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5.4.4   The Effect of Multiple Episodes of Zero External Calcium on 
Uterine Contractions in Term-Pregnant Rats  
 Control experiments were performed on term-pregnant uterine strips to 
investigate the effect of repeated episodes of zero external Ca2+ (with 1mM EGTA) 
in the presence of 100% O2 on force amplitudes during recovery periods. This was 
performed to establish, if calcium entry was essential during hypoxic episodes for 
the sustained rebound increase of force to occur during recovery periods and also 
to establish, if the small uterine activity during hypoxic episodes was responsible 
for the rebound increase of force during recoveries. Removal of calcium from the 
Krebs’ solution with 1mM EGTA resulted in a complete abolition of uterine activity. 
However, force rapidly restored when external Ca2+ was readmitted and there was 
always a transient slight rebound increase in force amplitude. A typical trace is 
shown in figure 5-8 (n=7).  
 
 Force amplitude 
 Analysis of force amplitude during recovery periods (R1-R3) did not show 
any significant difference between recovery periods or when compared to 100% 
control. Although there was a transient increase in amplitude during recovery 
periods, activity never exceeded control. Table 5-1 shows the average force 
amplitudes during recovery periods after repeated episodes of zero external 
calcium and EGTA normalised to 100% control. 
 
 
230 
 
Table 5-1: Mean amplitude data during recovery periods after repeated episodes 
of zero external Ca2+ 
Amplitude      control R1 R2 R3 
 
pregnant rat 
      (n=7) 
 
100% 
 
99%  
 
101% 
 
99% 
 
 
 
Frequency 
 The frequency of contractions was slightly and gradually decreased after 
repeated episodes of 5mins zero external Ca2+. Statistically, there was no 
significant differences between recovery periods or when compared to control. 
 
AUC  
 As would be expected from the decrease of frequency and no change 
during amplitudes, the values of AUC also decreased during recovery periods and 
statistically there was a significant difference between 100% control and the 3rd 
recovery (R3) (93%±2, p=0.02, n=7). 
Bar charts with significant difference are shown in figure 5-9. 
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Figure 5-8: The effect of repeated episodes of zero external Ca2+ on uterine 
contractility in term-pregnant rat. 
A typical trace showing the effect of repeated episodes of zero external calcium 
on term-pregnant rat uterine contractility. Repeated episodes of 5mins 0 external 
Ca2+ in the presence of100% O2 did not increase the force amplitudes 
significantly during recovery periods despite the transient rebound increase in 
amplitude. All contractions were induced with 5nM OT (n=7). 
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Figure 5-9: The effect of repeated episodes of 5 minutes  zero  external Ca2+ 
in the presence of 100% O2 on contractile parameters in term-pregnant rat 
uterus.  
Bar charts showing the effect of repeated transient episodes of 5 minutes 0 
external Ca2+ in the presence of 100% O2 on A) Force amplitude, B) Frequency, C) 
AUC during recovery periods. Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery. 
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5.4.5    The Effect of Multiple Episodes of Transient Hypoxia and (Zero 
External Calcium) on Uterine Contractions in Term-Pregnant Rats 
 Application of 5mins hypoxia along with simultaneous zero external Ca2+ 
causes abolition of uterine contractions. Upon re-oxygenation and re-admission of 
external Ca2+, force recovered with greater and maintained amplitude compared to 
control. Furthermore, force amplitudes gradually increased after repeated episodes 
of hypoxia and zero Ca2+. A typical trace is shown in figure 5-10 (n=10). All 
contractions were induced with 5nM OT.   
 
 Force amplitude 
 Analysis of force amplitude during recovery periods (R1-R3) revealed a 
gradual increase of force amplitude during recovery periods and when compared 
to 100% control. There were significant differences between: 
 100% control and R1 (124%± 4, p <0.05, n=10), 
 Control and R2 (144%± 5, p <0.05, n=10), 
 Control and R3 (159%± 9, p <0.05, n=10), and    
 R1 and R3 (124± 4 and159%± 9 respectively, p <0.05, n=10). 
 
Frequency 
 Analysis of the number of contractions, in 10mins time, showed gradual 
decreases in frequency after the hypoxic and zero calcium episodes. There were 
significant differences between: 
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 100% control and R1 (87%±2, p <0.05, n=10), 
 Control and R2 (79%±4, p <0.05, n=10), 
 Control and R3 (76%±4, p <0.05, n=10), and  
 R1 and R3 (87%±2 and 76%±4 respectively, p <0.05, n=10). 
  
AUC 
 The values of integral force (AUC) were slightly and gradually increased 
after transient episodes of hypoxia and zero Ca2+. There were significant 
differences between: 
 100% Control and R2 (119%± 3, p <0.05, n=10), 
 Control and R3 (127%± 6, p <0.05, n=10), and  
 R1 and R3 (112%± 3 and 127%± 6 respectively, p <0.05, n=10).  
These pieces of data clearly indicate that hypoxic episodes trigger some 
mechanisms which were independent of calcium entry and also indicate that small 
activities during hypoxic episodes are not necessary for the sustained rebound 
increase of force to occur. Bar charts for contractile parameters with significant 
differences are shown in figure 5-11. 
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Figure 5-10: The effect of repeated episodes of hypoxia and simultaneous 
zero external Ca2+ on uterine contractility in term-pregnant rat. 
A representative trace showing the effect of simultaneous repeated episodes of 
5mins hypoxia and zero external calcium on uterine contractility. Note that 
hypoxia was needed for the increase of force amplitude during recovery periods 
independent to calcium entry. All contractions were induced with 5nM OT 
(n=10). 
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Figure 5-11: The effect of repeated episodes of 5 minutes hypoxia and 
zero external Ca2 on contractile parameters in term-pregnant rat uterus. 
 Bar charts showing the effect of repeated episodes of 5 minutes hypoxia with 
simultaneous zero external Ca2+ on A) Force amplitude, B) Frequency, and  C) 
AUC during recovery periods. Any significant difference is highlighted by bar 
and asterisk (*p = 0.05 or less), (R) denotes Recovery. 
A- Amplitude B- Frequency 
C- AUC 
% of 
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5.4.6    Comparison of Data between the Effect of Repeated Episodes 
of Zero External Calcium only and Zero External Calcium with Hypoxia  
 
To establish,  if there were differences in contractile activity between 
repeated episodes of zero external calcium only and repeated episodes of zero 
external calcium with hypoxia, I compared the mean amplitude and AUC from both 
groups using Unpaired Student t-test. It can be seen from table 5-2 and table 5-3 
below that hypoxia with zero external calcium produced always greater uterine 
activity compared to zero external calcium only.  These data suggest that the 
rebound increase in contractile activity which is seen during recovery periods does 
not involve calcium entry during hypoxic periods.    
 
 
 
 
Table 5-2: Comparison of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility between repeated episodes of zero 
calcium only and repeated episodes of zero calcium with hypoxia in term-pregnant rats. 
                                         Recovery periods 
Force amplitude      R1         R2        R3 
 
Zero Ca2+ episodes only 
    
99% 
(n=7) 
101% 
(n=7) 
99% 
(n=7) 
 
Zero Ca2+  with Hypoxic episodes 
 
124% 
(n=10) 
144% 
(n=10) 
159% 
 (n=10) 
P value 
 
P <0.05 P <0.05 P <0.05 
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Table 5-3: Comparison of the mean AUC data (normalised to 100% control) during 
recovery periods (R1-R3) of uterine contractility between repeated episodes of zero 
calcium only and repeated episodes of zero calcium and hypoxia in term-pregnant rats. 
                                               Recovery periods 
AUC       R1         R2       R3 
 
Zero Ca2+ episodes only 
    
95% 
(n=7) 
95% 
(n=7) 
93% 
(n=7) 
 
Zero Ca2+  with Hypoxic episodes 
 
112% 
(n=10) 
119% 
(n=10) 
127% 
 (n=10) 
P value 
 
P <0.05 P <0.05 P <0.05 
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5.4.7    The Effect of Repeated Episodes of External Acidification 
(pH0= 6.9) and External Alkalinization (pH0= 7.9) on Uterine 
Contractility in Term-Pregnant Rats 
 
5.4.7.1 The effect of repeated episodes of external acidification (pH0= 
6.9) on uterine contractility in term-pregnant rats 
 Changing the control Krebs’ solution into acidotic solution (pH 6.9) for 5mins 
caused a marked decrease in uterine activity and when changing back to control 
solution (pH 7.40), contractions recovered with gradual and greater force 
amplitude. A typical trace is shown in figure 5-12; bottom trace (n=8). All 
contractions were induced with 5nM OT. 
 
Force amplitude  
 Force amplitude was gradually increased after each acidotic episode (i.e. 
during recovery periods). There were significant differences between: 
 100% control and R1 (114%± 1, p <0.05, n=8), 
 Control and R2 (123%± 3, p <0.05, n=8), 
 Control and R3 (113%± 4, p <0.05, n=8), 
 Control and R4 (139%± 5, p <0.05, n=8), 
 R1 and R3 (114%± 1 and 113%±4 respectively, p <0.05, n=8),  
 R1 and R4 (114%± 1 and 139%±5 respectively, p <0.05, n=8), and  
 R2 and R4 (123%± 3 and 139%±5 respectively, p <0.05, n=8).    
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Frequency 
 Analysis of contractions frequency revealed a gradual decrease of the 
number of contractions after the acidotic episodes. There were significant 
differences between: 
 100% Control and R2 (86%± 3, p <0.05, n=8), 
 Control and R3 (83%± 2, p <0.05, n=8), 
 Control and R4 (78%± 2, p <0.05, n=8),   
 R1 and R3 (94%± 3 and 83%± 2 respectively, p <0.05, n=8), and   
 R1 and R4 (94%± 3 and 78%± 2 respectively, p <0.05, n=8).   
 
AUC 
 Analysis of the values of AUC did not show any significant differences 
between recovery periods or when compared to 100% control. 
Bar charts for the comparison of contractile parameters among recovery periods 
are shown in figure 5-13. 
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5.4.7.2 The effect of repeated episodes of external alkalinization (pH0= 
7.9) on uterine contractility in term-pregnant rats 
 External alkalinization (pH0=7.9) caused an increase in force amplitude and 
frequency. However, repeated episodes of external alkalinization did not result in a 
rebound increase in uterine activity during recovery periods. A typical trace is 
shown in figure 5-12; top trace (n=7). All contractions were induced with 5nM OT.  
 
Force amplitude 
 Analysis of force amplitude showed no significant difference in the mean 
force amplitude during recovery periods (R1-R4) or when compared to 100% 
control. 
 
Frequency 
The frequency of contractions gradually decreased after repeated alkalotic 
episodes. There were significant differences between: 
 100% control and R2 (83%± 2, p <0.05, n=7), 
 Control and R3 (76%± 2, p <0.05, n=7), 
 Control and R4 (65%± 4, p <0.05, n=7),  
 R1 and R3 (91%± 2 and 76%± 2 respectively, p <0.05, n=7),  
 R1 and R4 (91%± 2 and 65%± 4 respectively, p <0.05, n=7), and  
 R2 and R4 (83%± 2 and 65%± 4 respectively, p <0.05, n=7). 
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AUC 
 As would be expected from decrease in frequency and no change in 
amplitudes, the values of AUC were also decreased gradually parallel to the 
decrease in frequency. There were significant decrease and differences between: 
 100% control and R1 (86%± 1, p <0.05, n=7), 
 Control and R2 (79%± 2, p <0.05, n=7),  
 Control and R3 (72%± 2, p <0.05, n=7),  
 Control and R4 (67%± 2, p <0.05, n=7),  
 R1 and R3 (86%± 1 and 72%± 2 respectively, p <0.05, n=7),    
 R1 and R4 (86%± 1 and 67%± 2 respectively, p <0.05, n=7), and 
 R2 and R4 (79%± 2 and 67%± 2 respectively, p <0.05, n=7).  
Bar charts for the comparison of contractile parameters between recovery periods 
are shown in figure 5-14. 
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Figure 5-12: The effect of repeated episodes of external acidification and 
alkalinization on uterine contractility in term-pregnant rat. 
Representative traces showing the effect of repeated episodes of 5mins external 
alkalinization (pH0 =7.9, top trace; n=7) and external acidification (pH0 =6.9, 
bottom trace; n=8) on term-pregnant rat uterine contractility .Note that repeated 
external acidifications mimics hypoxic preconditioning and leads to a rebound 
increase in force, whereas repeated external alkalinisation does not. All 
contractions were induced with 5nM OT. 
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Figure 5-13: The effect of repeated episodes of 5 minutes external 
acidification on contractile parameters in term-pregnant rat uterus. 
Bar charts showing the effect of repeated episodes of 5 minutes external 
acidification (pH0= 6.9) on A) Force amplitude, B) Frequency, and C) AUC 
during recovery periods in term-pregnant rat uterus. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery. 
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Figure 5-14: The effect of repeated episodes of 5 minutes external 
alkalinization on contractile parameters in term-pregnant rat uterus. 
Bar charts showing the effect of repeated episodes of 5 minutes external 
alkalinization (pH0= 7.9) on A) Force, B) Frequency, and C) AUC during 
recovery periods. Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery. 
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5.4.7.3 Was the Rebound Increase in Force Amplitude after Acidotic 
Episode due to a Rebound Alkalinisation and was it Sustained or Transient? 
 To establish if the rebound increase in force amplitude after repeated 
episodes of external acidosis was transient or sustained, the tissue was challenged 
with external acidosis (pH0=6.9) for 5mins and then returned to normal Krebs’ 
solution and was left to contract for at least one hour to observe changes in activity 
during this period.  As shown in figure 5-15 below, contractions decreased during 
acidosis and when changing back to control solution (pH0= 7.40), activity 
recovered with greater amplitude and sustained for 60mins. 
 
Figure 5-15: The effect of single episode of external acidosis (pH0 =6.9) on first 
recovery of uterine contraction in term-pregnant rat. 
 A recording showing how long the rebound increase in force would last for after 
single episode of external acidification (pH0=6.9). Note that the rebound increase in 
amplitude was sustained and remained elevated in normal Krebs’ solution for 
60mins. 
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5.4.8     Comparison of Contractile Parameters between 5mins 
Repeated Episodes of External Acidification (pH0=6.9) and Repeated 
Episodes of 5mins Hypoxia 
 Because both repeated episodes of 5mins external acidifications and 
hypoxia can precondition the term-pregnant uterus and gradually increase the 
force during recovery periods, it was interesting to compare the mean contractile 
parameters (amplitude, frequency, and AUC) between both groups using Unpaired 
Student t-test.  A summary of the mean force amplitude between the two groups 
with any significant difference is shown in table 5-4 below. Furthermore, a 
summary of the mean frequency is shown in table 5-5 and AUC in table 5-6 
between the two groups.   
  
Table 5-4: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R4) of uterine contractility between repeated episodes of 
5mins external acidification (pH0= 6.9) and repeated episodes of 5mins hypoxia in term-
pregnant rats. 
                         Recovery periods 
Force amplitude           R1         R2          R3 R4 
 
Acidotic episodes  
    
114% 
(n=8) 
123% 
(n=8) 
131% 
(n=8) 
139% 
(n=8) 
 
Hypoxic episodes 
 
125% 
(n=11) 
140% 
(n=11) 
156% 
 (n=11) 
169% 
(n=11) 
P value 
< 0.05 * 
P <0.05 P <0.05 P <0.05 P <0.05 
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Table 5-5: Summary of the mean frequency data (normalised to 100% control) during 
recovery periods (R1-R4) of uterine contractility between repeated episodes of 5mins 
external acidification (pH0= 6.9) and repeated episodes of 5mins hypoxia in term-pregnant 
rats.  
                      Recovery periods 
Frequency            R1         R2          R3 R4 
 
Acidotic episodes  
    
94% 
(n=8) 
86% 
(n=8) 
83% 
(n=8) 
78% 
(n=8) 
 
Hypoxic episodes 
 
84% 
(n=11) 
79% 
(n=11) 
76% 
(n=11) 
74% 
(n=11) 
P value 
< 0.05 * 
P < 0.05 n/s n/s n/s 
      
      n/s denotes not significant 
 
 
Table 5-6: Summary of the mean AUC data (normalised to 100% control) during 
recovery periods (R1-R4) of uterine contractility between repeated episodes of 5mins 
external acidification (pH0= 6.9) and repeated episodes of 5mins hypoxia in term-pregnant 
rats. 
            Recovery periods 
AUC           R1         R2          R3 R4 
 
Acidotic episodes  
    
102% 
(n=8) 
100% 
(n=8) 
100% 
(n=8) 
96% 
(n=8) 
 
Hypoxic episodes 
 
108% 
(n=11) 
110% 
(n=11) 
115% 
(n=11) 
121% 
(n=11) 
P value 
< 0.05 * 
n/s n/s P < 0.05 P < 0.05 
 
     n/s denotes not significant 
249 
 
5.4.9    The Effect of Multiple Episodes of Transient 2mins No-Flow on 
Spontaneous Uterine Contractility in Term-Pregnant Rats 
 Stopping the flow for 2mins while the tissue was oxygenated resulted in a 
complete abolition of uterine activity in term-pregnant rat uterus. Upon re-flow, 
activity recovered with slight rebound increase of force amplitude. However, 
repeated episodes of transient no-flow gradually and slightly increased the force 
during re-flow periods. A typical trace is shown in figure 5-16 (n=7-9). As 
temperature can affect contractility, the temperature of the bathing solution was 
measured before, during, and after the episodes of no-flow to ensure no change in 
the temperature of the bath occurred. The temperature of the bathing solution was 
maintained constantly at 37⁰C. 
 
Amplitude 
 Analysis of force amplitude showed a gradual and significant increase of 
force during re-flow periods (R1-R5). There were significant differences between: 
 100% control and R2 (112%± 2, p <0.05, n=9),  
 Control and R3 (114%± 3, p <0.05, n=9 and 8 respectively), 
 Control and R4 (118%± 3, p <0.05, n=9 and 8 respectively), 
 Control and R5 (123%± 4, p <0.05, n=9 and 7 respectively), and   
 R1 and R5 (108%± 1 and 123%± 4 respectively, p <0.05, n=9 and 7 
respectively).  
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Frequency 
 Analysis of frequency, showed a gradual decrease of the number of 
contractions after no-flow episodes but statistically no significant differences were 
found. 
 
AUC 
 Analysis of the values of AUC, showed slight increases of the values 
between re-flow periods but as frequency decreased, no significant differences 
were found. 
Bar charts for the comparison between contractile parameters with statistical 
differences are shown in figure 5-17. 
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Figure 5-16: The effect of repeated episodes of transient no-flow on pregnant rat 
uterine contractility. 
 A representative trace showing the effect of repeated episodes of 2mins transient no-
flow, on spontaneous uterine contractility, in term-pregnant rat. Note that, no-flow 
always abolished the activity, and upon-reflow, force recovered with greater force 
compared to preceding recovery period (n=7-9). 
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Figure 5-17: The effect of repeated episodes of transient no-flow on 
contractile parameters in term-pregnant rat uterus. 
Bar charts showing the effect of repeated episodes of 2 minutes no-flow on 
A) Force amplitude, B) Frequency, and  C) AUC during recovery periods of 
spontaneous contractions in term-pregnant rat (n=7-9).  Any significant 
difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes 
Recovery 
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5.4.10 The Effect of Multiple Episodes of Transient 2mins No-Flow 
on Spontaneous Uterine Contractility in Non-Pregnant Rats 
  
 Unlike pregnant uterine preparations, stopping the fast flow for 2mins, did 
not abolish the uterine activity in non-pregnant uterus but slightly decreased it. 
Repeated episodes of transient 2mins no-flow decreased the contraction 
amplitude, and upon re-flow, contractions did not rebound. A typical trace is shown 
in figure 5-18 (n=10).  
Force amplitude  
 No rebound increase in force amplitude during recovery periods (R1-R5) or 
when compared to 100% control was found. Instead, there was a general decrease 
in force after transient 2mins no-flow episodes. Statistically, there were significant 
decreases in force amplitude between: 
 100% control and R4 (91%± 3, p <0.05, n=10), 
 R1 and R4 (101%± 0.5 and 91%± 3 respectively, p <0.05, n=10), and  
 R2 and R4 (99%± 1 and 91%± 3 respectively, p <0.05, n=10). 
Frequency 
 Generally, there was a gradual decline of contraction frequency after 
repeated episodes of transient no-flow, and statistical analysis showed significant 
differences between: 
 100% control and R2 (87%± 3, p <0.05, n=10), 
 Control and R3 (81%± 4, p <0.05, n=10), 
 Control and R4 (71%± 4, p <0.05, n=10), 
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 R1 and R4 (93%± 2 and 71%± 4 respectively, p <0.05, n=10), and   
 R2 and R4 (87%± 3 and 71%± 4 respectively, p <0.05, n=10). 
 
AUC 
 As there was a decrease in frequency and amplitude, there was also, a 
parallel decrease in the values of AUC during recovery periods. There were 
significant differences between: 
 100% control and R2 (78%± 4, p <0.05, n=10), 
 Control and R3 (68%± 6, p <0.05, n=10), 
 Control and R4 (54%± 6, p <0.05, n=10),   
 R1 and R4 (91%± 3 and 54%± 6 respectively, p <0.05, n=10), and  
 R2 and R4 (78%± 4 and 54%± 6 respectively, p <0.05, n=10).   
 
Bar charts for the comparison between contractile parameters with statistical 
differences are shown in figure 5-19. 
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Figure 5-18: The effect of repeated episodes of transient no-flow on non-
pregnant rat uterine contractility. 
 A representative trace showing the effect of repeated 2mins transient no-flow 
episodes, on spontaneous uterine contractility in non-pregnant rat. Note that, no-flow 
slightly decreased but never abolished the uterine activity and upon-reflow, force 
recovered without a rebound increase in amplitude compared to preceding recovery 
period (n=10). 
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Figure 5-19: The effect of repeated episodes of transient no-flow on 
contractile parameters in non-pregnant rat uterus. 
Bar charts showing the effect of repeated episodes of  2 minutes no-flow on 
A) Force amplitude, B) Frequency, C) AUC during recovery periods of 
spontaneous contractions in non-pregnant rat (n=10). Any significant 
difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes 
Recovery 
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5.4.11 The Effect of Repeated Episodes of Transient Hypoxia with 
Simultaneous No-Flow on Uterine Contractility in Term-Pregnant Rats 
 To establish, if no-flow could add more force when combined with hypoxia, 
term-pregnant uterine strips, were challenged with repeated episodes of 5mins 
hypoxia with simultaneous no-flow. During the initial hypoxia &no-flow, uterine 
activity decreased, and gradually increased during the subsequent episodes. In 
addition, force amplitude, was gradually increased during recovery periods (R1-
R3). A typical trace is shown in figure 5-20 (n=7). 
 
The effect during transient hypoxic &no-flow episodes  
AUC 
 Although the analysis of the values of AUC showed gradual increase of the 
values of AUC, from the 1st episode of hypoxia &no-flow (E1) to the 3rd episode, no 
significant difference was seen during hypoxic &no-flow periods. Table 5-7 below 
shows the mean values for AUC during hypoxic and no-flow episodes (E1-E3). 
 
Table 5-7: Summary of the mean AUC data (normalised to 100% control) during hypoxic 
and no-flow episodes (E1-E3) of uterine contractility in term-pregnant rats. 
Hypoxic & no-flow episodes 
 AUC           E1         E2          E3 
 
Term-pregnant 
    
20%±3 
(n=7) 
25%±3 
(n=7) 
29%±4 
(n=7) 
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The effect during recovery periods  
Amplitude 
 Analysis of force amplitude, showed a gradual and progressive increase of 
force during recovery periods (R1-R3). There were significant differences between: 
 100% control and R1 (130%± 1, p <0.05, n=7), 
 Control and R2 (148%± 5, p <0.05, n=7), 
 Control and R3 (158%± 8, p <0.05, n=7), and  
 R1 and R3 (130%± 1 and 158%± 8 respectively, p <0.05, n=7).  
 
Frequency 
 Although the number of contractions in 10mins time interval decreased, 
following hypoxic and no-flow episodes, no significant difference was seen during 
recovery periods or when compared to 100% control. 
 
AUC 
 Analysis of the values of AUC, showed a general gradual increase of the 
values during recovery periods compared to control or to the preceding recovery 
period. There was a significant difference between 100% control and the 3rd 
recovery (R3) (126%±8, p <0.05, n=7).  
These results clearly indicate that, combining hypoxic episodes with no-flow could 
also precondition the term-pregnant uterine tissue and produced more force during 
recovery periods. 
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Bar charts for the comparison between contractile parameters with statistical 
differences are shown in figure 5-21. 
 
 
 
 
Figure 5-20: The effect of repeated episodes of transient hypoxia and no-
flow on term-pregnant rat uterine contractions. 
 A representative trace showing the effect of repeated episodes of 5mins 
transient hypoxia along with simultaneous no-flow on uterine contractility in term-
pregnant rat. Note that, combination of hypoxia and no-flow can precondition the 
uterus and increase the force amplitude. All contractions were induced with 5nM 
OT (n=7). 
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Figure 5-21: The effect of repeated episodes of 5 minutes hypoxia and 
no-flow on contractile parameters in term-pregnant rat uterus.   
Bar charts showing the effect of multiple transient episodes of 5 minutes 
hypoxia and no-flow on A) Force amplitude, B) Frequency, C and D) AUC 
during hypoxic episodes and recovery periods in term-pregnant rat.  
Any significant difference is highlighted by bar and asterisk (*p = 0.05 or 
less), (R) denotes Recovery; (E) denotes hypoxic episode& no-flow. 
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5.4.12 Comparison between the Effects of 5mins Hypoxic 
Episodes Alone and the Effects of 5mins Hypoxic Episodes with 
Simultaneous No-Flow on Uterine Contractility in Term-Pregnant Rats 
 My previous data showed that, transient hypoxic episodes alone or when 
combined with no-flow can precondition the term-pregnant uterus and produce 
significant increase in contractile activity.  So, to see if no-flow had additional effect 
on force, I compared the contractile parameters (amplitude, frequency and AUC) 
between the two groups using Unpaired Student t- test. Comparison of force 
amplitude is shown in figure 5-22 (n=7 per group). It can be seen from the bar 
charts that, combination of hypoxia with no-flow can produce greater force 
amplitude compared to hypoxia alone, suggesting some mechanisms which are 
triggered during no-flow to augment the uterine activity. 
Comparison of frequency and AUC are shown in figure 5-23 (n=7 per group).  
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Figure 5-22: Comparison of force amplitude between hypoxic 
episodes only and hypoxic episodes with no-flow in term-pregnant rat.  
 Bar charts showing the difference in the average force amplitude 
(normalised to 100%) between 5mins hypoxic episodes only (red bars) and 
hypoxic episodes accompanied by no-flow (blue bars) in term-pregnant rat. 
Note that, hypoxic episodes with no-flow always produced greater force 
compared to hypoxic episodes only. Any significant difference is highlighted 
by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery (n=7 per 
group). 
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Figure 5-23: Comparison of frequency and AUC between hypoxic 
episodes only and hypoxic episodes with no-flow in term-pregnant rat. 
A) Bar charts showing the difference in the average frequency (normalised 
to 100%) between 5mins hypoxic episodes only (red bars) and hypoxic 
episodes accompanied by no-flow (blue bars) in term-pregnant rat. 
B) Bar charts showing the difference in the average AUC (normalised to 
100%) between 5mins hypoxic episodes only (red bars) and hypoxic 
episodes accompanied by no-flow (blue bars) in term-pregnant rat.  Any 
significant difference is highlighted by bar and asterisk (*p = 0.05 or 
less), (R) denotes Recovery, (E) denotes hypoxic episodes. 
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5.4.13 The Effect of Multiple Episodes of Transient Hypoxia on 
Uterine Contractility Pretreated with Nonspecific Blocker of Adenosine 
Receptors (8-SPT) in Term-Pregnant Rats 
To establish if the nucleotide adenosine was implicated in the rebound increase 
of force, during recovery periods, a non-specific adenosine receptor antagonist (8-
SPT) was used. Application of (8-SPT) on a term-pregnant rat uterine strips, for 
15mins, did not cause any changes in uterine activity as seen in figure 5-24 below.  A 
concentration of 50µM (8-SPT) was added to the contracting uterine strips from term-
pregnant rats for 10mins before the application of repeated transient hypoxic 
episodes, to allow sufficient blocking of adenosine receptors. Interestingly, the 
beneficial effects of hypoxic preconditioning on uterine contractility was abrogated, 
when adenosine receptors were blocked (n=7). A representative trace is shown in 
figure 5-25. All contractions were induced with 5nM OT. 
 
 
Figure 5-24: The effect of (8-SPT) on uterine contractions in a 
term-pregnant rat.    Application of 50µM (8-SPT) did not change the 
contractile activity of the uterus.  
8-SPT 
265 
 
The effect during hypoxic episodes  
AUC 
 During hypoxic episodes (E1-E3), the values of AUC were slightly 
decreased, but there was no significant difference between hypoxic episodes. 
 
The effect during recovery periods 
 
Force amplitude 
 Analysis of force amplitude showed, no significant differences between 
recovery periods or when compared with 100% control. Table 5-8 below shows the 
average amplitude during recoveries after pretreatment with (8-SPT). 
 
   
Table 5-8: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility pretreated with (8-SPT). 
  Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
      (8-SPT) 
    
100% 
(n=7) 
96% 
(n=7) 
95% 
(n=7) 
95% 
(n=7) 
 
 
Frequency 
 Analysis of the number of contractions, in 10mins period, showed a gradual 
and slight decrease of frequency, after the transient hypoxic episodes. There was 
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a significant decrease of frequency during the 3rd recovery (R3) (91%±3, p <0.05) 
compared to 100% control. 
AUC 
 The values of the AUC decreased gradually, during recovery periods (R1-
R3), parallel to the decrease in frequency. There was a significant decline of the 
value of AUC during the 3rd recovery (R3) (88%±3, p <0.05) compared to 100% 
control. 
 These data suggest that, blocking adenosine receptors can significantly 
abolish the effect conferred by hypoxic preconditioning. Bar charts with statistical 
difference are shown in figure 5-26.   
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Figure 5-25: The effect of transient repeated episodes of hypoxia in the 
presence of (8-SPT) in term-pregnant uterus.  
(Top trace): Pre-treatment of uterine strips with 50µM (8-SPT) for 10mins, before the 
repeated episodes of transient hypoxia, were applied. Note that, blocking the 
adenosine receptors abolished the positive effect of hypoxic preconditioning in term-
pregnant rats (n=7).    
(Bottom trace): Paired control experiment from the same rat uterus. 
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Uterine activity during hypoxic /recovery periods after pretreatment with (8-SPT) 
 
 
                      
 
 
                    
Figure 5-26: The effect of repeated episodes of 5 minutes hypoxia on 
contractile parameters in the presence of (8-SPT) in term-pregnant rat. 
Bar charts showing the effect of multiple transient episodes of 5 minutes hypoxia in 
the presence of 50µM nonspecific adenosine receptor antagonist (8-SPT) on A) 
Force amplitude, B) Frequency, C and D) AUC during hypoxic episodes and 
recovery periods. All contractions were induced with 5nM OT. Any significant 
difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes 
Recovery, (E) denotes hypoxic episode. 
A- Amplitude  during Recovery B- Frequency  during Recovery 
C- AUC during Recovery 
% of 
control 
% of 
control 
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D- AUC during hypoxic episodes 
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5.4.14 The Effect of Multiple Episodes of Transient Hypoxia on 
Uterine Contractility in the Presence of Specific A1 Blocker (DPCPX) in 
Term-Pregnant Rats 
 Findings in other tissues have shown that blocking A1 receptors, can block 
the beneficial effect of hypoxic preconditioning (Liang 1996). I therefore, 
investigated the effects of 200nM of specific adenosine A1 receptors antagonist 
(DPCPX) on uterine contractility, during the application of repeated transient 
hypoxic episodes. The DPCPX was left throughout the entire subsequent 
experiments, to ensure blocking of the receptors.  Application of DPCPX did not 
change the uterine activity in paired control strips. However, DPCPX abrogated the 
effect of hypoxic preconditioning in term-pregnant uterine preparations. A 
representative trace is shown in figure 5-27. All contractions were induced with 
5nM OT.  
 
The effect during hypoxic episodes   
AUC 
 During hypoxic episodes (E1-E3), the values of AUC were slightly and 
gradually decreased, but there was no significant difference between the mean 
values of hypoxic episodes. 
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The effect during recovery period 
Force amplitude 
 Analysis of force amplitudes showed, no significant differences were found 
between recovery periods (R1-R3) or when compared to 100% control. Table 5-9 
below shows the average amplitude during recovery periods.  
 
Table 5-9: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of (DPCPX). 
                       Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
      (DPCPX) 
    
100% 
(n=4) 
98%±1 
(n=4) 
96%±1 
(n=4) 
94%±2 
(n=4) 
 
 
Frequency 
 Analysis of contraction frequency, in 10mins interval, showed a gradual 
decrease of the number of contractions, after the transient hypoxic episodes. 
There was a significant decrease in the frequency during the 1st recovery (R1) 
(90%± 4, p <0.05) and during the 2nd recovery (R2) (87%± 2, p <0.05) and during 
the 3rd recovery (R3) (85%± 1, p <0.05) compared to 100% control.  
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AUC 
 The values of AUC, decreased gradually during recovery periods (R1-R3). 
There was a significant decrease, in the value of AUC, during the 3rd recovery (R3) 
(79%± 2, p <0.05) compared to 100% control.  
These data suggest that blocking A1 receptors can block the positive effect 
of hypoxic preconditioning, in term-pregnant rat uterus. Bar charts with statistical 
difference are shown in figure 5-28.   
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Figure 5-27: The effect of transient repeated episodes of hypoxia on uterine 
contractility in the presence of (DPCPX) in term-pregnant uterus. 
(Top trace): Application of 200nM of specific A1 receptors antagonist (DPCPX), 
throughout the entire experiment, abolished the effect of hypoxic preconditioning in 
term-pregnant rats (n=4).  
(Bottom trace): Paired control experiment from the same rat uterus. 
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Uterine activity during hypoxic/recovery periods in the presence of (DPCPX) 
 
 
                         
 
 
                 
Figure 5-28: The effect of repeated episodes of 5 minutes hypoxia on 
contractile parameters in the presence of (DPCPX) in term-pregnant rat.  
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia in the 
presence of 200nM specific A1 receptor antagonist (DPCPX) on A) Force 
amplitude, B) Frequency, C and D) AUC during hypoxic episodes and recovery 
periods. All contractions were induced with 5nM OT. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) 
denotes hypoxic episode. 
A- Amplitude during Recovery B- Frequency during Recovery 
C- AUC during Recovery 
% of 
control 
% of 
control 
% of 
control 
D- AUC during hypoxic episodes 
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5.4.15 Comparison of Data in the Presence and Absence of 
DPCPX in Term-Pregnant Rats 
 
To see, if there were significant differences in contractile activity after the 
repeated episodes of 5mins hypoxia only (paired control), and the repeated 
episodes of 5mins hypoxia in the presence of DPCPX, I compared the mean 
amplitude and AUC using Unpaired Student t-test. The data in table 5-10 and table 
5-11 below showed that blocking adenosine A1 receptors with DPCPX, can 
significantly inhibit the rebound increase in contractile activity seen during the 
paired control.  
 
 
 
Table 5-10: Comparison of the mean force amplitude data (normalised to 100% 
control) during recovery periods (R1-R3) of uterine contractility between the repeated 
episodes of transient hypoxia in the presence of DPCPX and the paired control in term-
pregnant rats (n=4). 
                                             Recovery periods 
Force amplitude           R1         R2          R3 
 
Hypoxic episodes and DPCPX 
    
98% 
(n=4) 
96% 
(n=4) 
94% 
(n=4) 
 
Hypoxic episodes (Control) 
 
108% 
(n=4) 
118% 
(n=4) 
130% 
 (n=4) 
P value 
< 0.05 * 
P <0.05 P <0.05 P <0.05 
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Table 5-11: Comparison of the mean AUC data (normalised to 100% control) during 
recovery periods (R1-R3) of uterine contractility between the repeated episodes of 
transient hypoxia in the presence of DPCPX and the paired control in term-pregnant rats 
(n=4).  
                                               Recovery periods 
AUC           R1         R2          R3 
 
Hypoxic episodes and DPCPX 
    
90% 
(n=4) 
87% 
(n=4) 
79% 
(n=4) 
 
Hypoxic episodes (Control) 
 
106% 
(n=4) 
111% 
(n=4) 
112% 
 (n=4) 
P value 
< 0.05 * 
P <0.05 P <0.05 P <0.05 
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5.4.16 The Effect of Multiple Episodes of Transient Hypoxia on 
Uterine Contractility in the Presence of COX Inhibitor (Indomethacin) in 
Term-Pregnant Rats 
 To establish if prostaglandin (PG) was implicated in the increase of 
contractile activity following the transient hypoxic episodes, 10µM Indomethacin 
was used to block cyclo-oxygenases (COX1 and COX2), which are responsible for 
PG biosynthesis.  
Addition of 10µM of Indomethacin, to control strips did not cause any change in 
uterine activity. However, 15µM slightly decreased the activity. Thus, I found that, 
10µM is the best concentration to work with in my next experimentations. The 
rebound increase in force amplitude with transient hypoxic episodes did not occur, 
when PG biosynthesis, was inhibited by indomethacin. A typical trace is shown in 
figure 5-29. 
 
The effect during hypoxic episodes  
AUC 
 During hypoxic episodes (E1-E3), the values of AUC were slightly and 
gradually decreased, but there was no significant difference between the means of 
hypoxic episodes. 
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The effect during recovery periods 
Force amplitude 
 Analysis of force amplitudes, during recovery periods, showed no significant 
differences between the mean of amplitudes during recoveries (R1-R3), or when 
compared to 100% control. Table 5-12 below summaries the average amplitudes 
during recovery periods in the presence of Indomethacin.  
 
Table 5-12:  Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of 10µM 
Indomethacin. 
                        Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
 (Indomethacin) 
    
100% 
(n=5) 
98% 
(n=5) 
97% 
(n=5) 
96% 
   (n=5) 
 
 
 
Frequency 
 Analysis of contractions frequency, in the presence of indomethacin, 
showed a gradual decrease of the number of contractions after the transient 
hypoxic episodes. There was a significant decrease in the frequency during the 2nd 
recovery (R2) (81%± 6, p <0.05) and during the 3rd recovery (R3) (79%± 6, p 
<0.05) compared to 100% control.  
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AUC 
 The values of AUC decreased gradually, parallel to the decrease in 
frequency. There was a significant decrease in the value of AUC during the 2nd 
recovery (R2) (71%± 8, p <0.05)) and during the 3rd recovery (R3) (70%± 7, p 
<0.05)) compared to 100% control.  
These data suggest that blocking COX pathway can block the beneficial effects of 
hypoxic preconditioning, in term-pregnant uterus. Bar charts with statistical 
difference are shown in figure 5-30. 
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Figure 5-29: The effect of transient repeated episodes of hypoxia on uterine 
contractility in the presence of indomethacin in term-pregnant rat. 
(Top trace): Application of 10µM of non-specific cyclo-oxygenase inhibitor 
(indomethacin), throughout the entire experiment, abolished the hypoxic 
preconditioning in term-pregnant rats (n=5). Note that, increasing the concentration of 
indomethacin to 15µM further decreased the activity. 
(Bottom trace): Parallel paired control experiment from the same rat. 
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Uterine activity during hypoxic/recovery periods in the presence of 
Indomethacin 
 
                         
 
 
 
Figure 5-30: The effect of repeated episodes of transient hypoxia on 
contractile parameters in the presence of Indomethacin in term-pregnant 
rat uterus.  Bar charts showing the effect of multiple transient episodes of 5 
minutes hypoxia in the presence of 10µM non-specific cyclo-oxygenase inhibitor 
(indomethacin) on A) Force amplitude, B) Frequency, and C) AUC during 
hypoxic episodes and recoveries. All contractions were elicited with 5nM OT. 
Any significant difference is highlighted by bar and asterisk (*p = 0.05 or less), 
(R) denotes Recovery, (E) denotes hypoxic episode. 
A- Amplitude B- Frequency 
C- AUC 
% of 
control 
% of 
control 
% of 
control 
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5.4.17 The Effect of Multiple Episodes of Transient Hypoxia on 
Uterine Contractility in the Presence of COX-2 Inhibitor (Nimesulide) in 
Term-Pregnant Rats 
Cyclo-oxygenase-2 pathway was inhibited by 5µM Nimesulide (a specific 
COX-2 inhibitor) throughout the entire experiment, to establish if, COX-2 was 
implicated in hypoxic preconditioning in term-pregnant uterus. At a start, I was 
trying to find the best concentration for the drug, which blocks the COX-2 pathway 
without affecting the overall contractile activity. Application of 5µM Nimesulide 
(dissolved in a vehicle DMSO) did not cause any changes in uterine activity over 
time, but higher concentration (10µM) decreased the amplitude (Figure 5-31). 
Therefore, 5µM seems to be the best concentration and was used in my next 
experimentations. 
While COX-2 was inhibited, the effect of repeated episodes of 5mins hypoxia was 
investigated. This was matched with a paired control experiment from the same rat 
uterus.  Interestingly, upon re-oxygenation, no rebound increase in force amplitude 
was seen when COX-2 was blocked.  Figure 5-32 shows a typical trace (n=6). 
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Figure 5-31: The effect of different concentrations of Nimesulide on uterine 
contractions in term-pregnant rat.  (Top trace): Application of 5µM Nimesulide did 
not alter the contractile activity over time.  (Bottom trace):  Application of 10µM 
Nimesulide decreased the force amplitude. 
 
 
The effect during hypoxic episodes  
AUC 
 During hypoxic episodes (E1-E3), the values of AUC were gradually 
decreased, but there was no significant difference between the means of hypoxic 
episodes. 
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The effect during recovery periods 
Force amplitude 
 Analysis of force amplitudes, showed a gradual decrease of force amplitude 
during recovery periods (R1-R3). There was a significant decrease of force during 
the2nd recovery (R2) (93%± 2, p <0.05) and during the 3rd recovery (R3) (93%± 2, 
p <0.05) compared to 100% control. Table 5-13 below summarises the average 
force amplitudes during recoveries when Nimesulide was present.  
 
 
Table 5-13: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of 5µM Nimesulide. 
                          Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
 (Nimesulide) 
    
100% 
(n=6) 
98% 
(n=6) 
93% 
(n=6) 
93% 
(n=6) 
 
 
Frequency 
 Analysis of contraction frequency, in the presence of 5µM Nimesulide 
showed a gradual and significant decrease of the number of contractions following 
the transient hypoxic episodes. There was a significant decrease in the frequency 
during the 1st recovery (R1) (78%± 5, p <0.05), the 2nd recovery (R2) (71%± 4, p < 
0.05), and during the 3rd recovery (R3) (65%± 5, p < 0.05) compared to 100% 
control. 
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AUC 
 The values of AUC were decreased, parallel to the decrease in frequency. 
There was a significant decrease in the value of AUC during the 1st recovery (R1) 
(73%± 3, p < 0.05), the 2nd recovery (R2) (67%± 3, p< 0.05), and during the 3rd 
recovery (R3) (60%± 4, p < 0.05)   compared to 100% control, and there was also 
a significant difference between R1 and R3 (73%± 3 and 60%± 4 respectively, p 
<0.05). 
 
 These pieces of data indicate that, blocking the COX-2 pathway with 
Nimesulide can, also, block the positive effect of hypoxic preconditioning in term-
pregnant rat uterus. Bar charts with statistical difference are shown in figure 5-33. 
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Figure 5-32: The effect of repeated episodes of transient hypoxia on uterine 
contractility in the presence of Nimesulide in term-pregnant uterus.  
(Top trace): Paired control experiment from the same rat uterus. 
(Bottom trace): A representative trace, showing the effect of repeated episodes of 
5mins hypoxia, on uterine contractions in the presence of 5µM COX-2 inhibitor 
(Nimesulide) in term-pregnant rat. Note the gradual decrease of force amplitude 
during recoveries (n=6). All contractions were induced by 5nM OT. 
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Uterine activity during hypoxic/recovery periods in the presence of 
Nimesulide  
 
 
                  
 
      
Figure 5-33: The effect of repeated episodes of transient hypoxia on contractile 
parameters in the presence of Nimesulide in term-pregnant rat uterus.   
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia in the 
presence of 5µM specific cyclo-oxygenase-2 inhibitor (Nimesulide) on A) Force 
amplitude, B) Frequency, and C) AUC during hypoxic episodes and recoveries. All 
contractions were elicited with 5nM OT. Any significant difference is highlighted by 
bar and asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) denotes hypoxic 
episode. 
B- Amplitude A- Frequency 
C- AUC 
% of 
control 
% of 
control 
% of 
control 
287 
 
5.4.18 The Effect of Repeated Episodes of ATP Agonist on 
Spontaneous Uterine Contractility in Term-Pregnant Rats 
As ATP has been proposed to play a significant role during hypoxic 
preconditioning, I next investigated its effects on term-pregnant uterine contractility. 
Application of 1mM ATP increased uterine activity. When returned to normal Krebs’ 
solution, there was a rebound sustained increase in force amplitude after each 
application of external ATP. The force was gradually increased and maintained 
(n=6). Figure 5-34 shows a typical trace.   
 
The effect during ATP episodes   
Frequency 
 There was no significant difference in the number of contractions between 
ATP episodes (E1-E3). 
 
AUC 
 During ATP episodes (E1-E3), the values of AUC were gradually and 
significantly increased from the 1st episode until the 3rd episodes. There was a 
significant increase and difference between: 
 3rd episode of ATP (E3) (146%± 14, p <0.05) compared to 100% control 
(n=6). 
 3rd episode of ATP (E3) (146%± 14) compared to the 1st ATP episode (E1) 
(94%± 8, p <0.05; n=6). 
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The effect during recovery periods 
Force amplitude 
 Analysis of force showed a gradual rebound increase of force amplitude 
during recovery periods (R1-R3). There was a significant increase and difference 
between: 
 100% control and R1 (121%± 2, p <0.05)  
 Control and R2 (138%± 3, p <0.05)   
 Control and R3 (143%± 4, p <0.05) 
 R1 and R2 (121%± 2 and 138%± 3 respectively, p <0.05) 
 R1 and R3 (121%± 2 and 143%± 4 respectively, p <0.05) 
 
Frequency 
 Analysis of contraction frequency, in 10mins time, showed no significant 
differences in the number of contractions between the mean of recoveries or when 
compared to 100% control. 
 
AUC 
 Although there was a gradual increase in the values of AUC during recovery 
periods, no significant difference was found. 
 These data suggest that, repeated episodes of transient ATP episodes can 
mimic hypoxic preconditioning by increasing the contractile activity. Bar charts with 
statistical differences are shown in figure 5-35. 
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Figure 5-34: The effect of repeated transient episodes of extracellular ATP on 
uterine contraction in a term-pregnant uterus. 
The effect of repeated episodes of 5mins 1mM ATP on spontaneous uterine 
contractions in term-pregnant rats. Note the rebound and gradual increase of force 
amplitude during recoveries (n=6). 
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Figure 5-35: The effect of repeated episodes of extracellular ATP on 
contractile parameters in a term-pregnant rat uterus.  Bar charts showing 
the effect of multiple episodes of 5mins extracellular ATP on A) Force 
amplitude, B) Frequency, and C) AUC during hypoxic episodes and recoveries 
of spontaneous uterine activity in term-pregnant rat. Any significant difference is 
highlighted by bar and asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) 
denotes hypoxic episode. 
 
C- AUC 
A- Amplitude B- Frequency 
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5.4.19 The Effect of Repeated Episodes of ATP Agonist on 
Uterine Contractility in Non-Pregnant Rats 
 Initial application of 1mM ATP agonist for 5mins, on non-pregnant rat 
uterine strips, elicited marked uterine activity and repeated applications produced 
little activity, and this did not improve the uterine activity. However, after ATP 
episodes, the force amplitude never increased or rebound, instead it was gradually 
decreased. A typical trace is shown in figure 5-36. 
 
The effect during ATP episodes   
 
AUC 
 During ATP episodes (E1-E3), the values of AUC were gradually decreased 
from the 1st episode until the 3rd episodes. There was a significant decrease and 
difference between: 
 1st episode of ATP (E1) and the 2nd episode (E2) (82%± 4 and 58%± 4 
respectively, p <0.05; n=3), and 
 1st episode of ATP (E1) and the 3rd episode (E3) (82%±4 and 41%±8 
respectively, p <0.05; n=3). 
 
The effect during recovery periods 
Force amplitude 
 Analysis of force amplitudes showed a gradual and slight decrease of the 
average force amplitude during recovery periods (R1-R3). There was no significant 
difference among recovery periods or when compared to 100% control. 
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Frequency 
 Analysis of contraction frequency, in 10mins time, showed a gradual and 
significant decline of the number of contractions during recovery periods. There 
was a significant difference between: 
 100% Control and R2 (63%± 10, p <0.05; n=3), 
 Control and R3 (48%± 7, p= <0.05; n=3), and  
 R1 and R3 (96%± 8 and 48%± 7 respectively, p <0.05; n=3). 
 
AUC 
 Parallel to the decrease in frequency and amplitude, the values of AUC 
were, also, gradually and significantly decreased after ATP episodes. There was a 
significant difference between: 
 100% Control and R2 (67%± 10, p <0.05; n=3),  
 Control and R3 (48%± 5, p <0.05; n=3),   
 R1 and R2 (99%± 4 and 67%± 10 respectively, p <0.05; n=3), and    
 R1 and R3 (99%± 4 and 48%± 5 respectively, p <0.05; n=3). 
 These data indicate that repeated applications of ATP agonist did not 
improve or increase the uterine activity in non-pregnant uterus and, that 
subsequent applications of ATP did not improve or increase the uterine activity. 
Bar charts with statistical difference are shown in figure 5-37. 
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Figure 5-36: The effect of repeated transient ATP episodes on uterine 
contraction in a non-pregnant rat uterus. 
The effect of repeated episodes of 5mins 1mM ATP on spontaneous uterine 
contractions in non-pregnant rat. Note the gradual decrease of force amplitude 
during recoveries (n=3). 
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Figure 5-37: The effect of repeated episodes of transient ATP on contractile 
parameters in a non-pregnant rat uterus.  Bar charts showing the effect of multiple 
episodes of 5 minutes extracellular ATP on A) Force amplitude, B) Frequency, and C) 
AUC during hypoxic episodes and recoveries of spontaneous uterine activity in a non-
pregnant rat. Any significant difference is highlighted by bar and asterisk (*p = 0.05 or 
less), (R) denotes Recovery, (E) denotes hypoxic episode. 
 
 
A- Amplitude B- Frequency 
C- AUC 
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5.4.20 Comparison of the Values of AUC during ATP Episodes 
(E1-E3) between Pregnant and Non-Pregnant Rats 
 To see the difference in response to 1mM ATP in both pregnant and non-
pregnant rat uterine strips, Unpaired Student t-test was used to compare the mean 
AUC from both groups. Table 5-14 below summarizes the average values of AUC 
with any statistical difference. 
    
Table 5-14: Summary of the mean AUC data (normalised to 100% control) during ATP 
episodes (E1-E3) of spontaneous uterine contractility between term-pregnant and non-
pregnant rats.  
          ATP episodes 
AUC           E1         E2          E3 
 
Term-pregnant 
 
94% 
(n=6) 
127% 
(n=6) 
146% 
(n=6) 
 
Non-pregnant 
 
82% 
(n=3) 
58% 
(n=3) 
41% 
(n=3) 
P value 
< 0.05 * 
n/s P <0.05 P <0.05 
 
 n/s denotes not significant 
 
These pieces of data showed that, a term-pregnant rat uterus, responded 
significantly to ATP agonist with greater force than the non-pregnant uterus. In 
addition, repeated applications of ATP resulted in a gradual and significant 
increase in the values of AUC, in term-pregnant uterus, whereas, the values of 
AUC were gradually and significantly decreased, in non-pregnant uterus, after 
repeated ATP applications. 
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5.4.21 The  Effect of Repeated Episodes of ATP Agonist in the 
Presence of P2X7 Receptors Antagonist (Hydrochloride Hydrate)  on 
Spontaneous Uterine Contraction in Term-Pregnant Rats 
 Recent work has shown that, ATP-induced uterine contractility in rat 
myometrium results mainly via binding to P2X7 on myometrial cell membrane 
(Miyoshi, Yamaoka et al. 2012). To detemine if, the P2X7 receptor mediated the 
increase in force amplitude and the augmentation of force during ATP applications 
and recoveries, in term-pregnant rat uterus, a selective purinoceptor anatagonist 
(5µM hydrochloride hydrate) was used throughout the entire experiments, to block 
the P2X7 receptor pathway . Application of ATP in the presence of 5µM 
hydrochloride hydrate produced smaller activity compared to matched control 
(figure 5-38). However, repeated episodes of ATP never resulted in a rebound 
increase in uterine activity during ATP episodes, or even during recoveries. A 
typical trace with the a paired control experiment are shown in figure 5-38 (n=6).   
 
The effect during ATP episodes in the presence of P2X7 blocker   
AUC 
 It can be clearly seen, in figure 5-38, that applications of ATP while P2X7 
receptor was blocked decreased the ATP-increased uterine activity in term-
pregnant rats. It can be also seen that repeated applications of ATP never 
increased the uterine activity from E1 to E3. Although the values of the AUC were 
gradually decreased from the 1st episode (73%±7) until the 3rd episodes (57%±6), 
no significant difference was found. 
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The effect during recovery periods 
 
Force amplitude  
 Although contractions reappeared after the repeated episodes of ATP, when 
P2X7 receptor was blocked, analysis of force amplitudes showed no significant 
difference between the mean values during recovery periods (R1-R3) or when 
compared to 100% control. Table 5-15 shows the average force amplitudes during 
recoveries. 
Table 5-15: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of 5µM 
hydrochloride hydrate. 
                       Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
 (P2X7 antagonist) 
    
100% 
(n=6) 
    100%± 
(n=6) 
98% 
(n=6) 
98% 
(n=6) 
 
 
 
Frequency 
 Analysis of contraction frequency, in 10mins time, showed a gradual decline 
of the number of contractions during recovery periods. There was a significant 
difference between 100% Control and R3 (82%± 6, p <0.05). 
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AUC 
 As expected from the decrease in frequency, there was also a generalised 
decrease in the averages of AUC during recoveries. There was a significant 
difference between: 
 100% Control and R2 (82%± 3, p <0.05), 
 Control and R3 (74%± 3, p <0.05), and 
 R1 and R3 (90%± 5 and 74%± 3 respectively, p <0.05).  
These data indicated that, ATP produced its effects by binding to P2X7 
receptors in rat uterus, and that, blocking this pathway can abolish the rebound 
increase of force induced by repeated episodes of ATP. Bar charts with statistical 
difference are shown in figure 5-39. 
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Figure 5-38: The effect of repeated ATP episodes on uterine contractions in 
the presence of P2X7 blocker in a term-pregnant rat. 
(Top trace): Paired control experiment for the effect of repeated episodes of 5mins 
1mM ATP agonist on spontaneous uterine contractility in a term-pregnant rat 
(Bottom trace): The effect of repeated episodes of 5mins 1mM ATP on 
spontaneous uterine contractions in the presence of P2X7 blocker (5µM 
hydrochloride hydrates) in a term-pregnant rat. Note that application of ATP 
agonist, while P2X7 was inhibited, caused a very small increase in uterine activity 
and, did not result in a rebound increase in force amplitude during recoveries 
compared to the top paired control (n=6). 
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Figure 5-39: The effect of repeated episodes of transient ATP on 
contractile parameters in the presence of P2X7 antagonist in a term-
pregnant rat uterus. 
Bar charts showing the effect of multiple episodes of 5 minutes 1mM 
extracellular ATP in the presence of a selective P2X7 antagonist (5µM 
hydrochloride hydrate) on A) Force amplitude, B) Frequency, and C) AUC 
during hypoxic episodes and recoveries of spontaneous uterine activity in a 
term-pregnant rat. Any significant difference is highlighted by bar and 
asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) denotes hypoxic 
episode. 
A- Amplitude B- Frequency 
C- AUC 
% of 
control 
% of 
control 
% of 
control 
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5.4.22 Comparison between the Values of AUC during Application 
of ATP Episodes (E1-E3) and Application of ATP Episodes in the 
Presence of P2X7 Antagonist 
 To determine, if ATP agonist activates uterine P2X7 receptors resulting in an 
increase in force amplitude during subsequent application of ATP, Unpaired 
Student t-test was used to compare the values of AUC during ATP episodes with 
and without P2X7 antagonist (hydrochloride hydrate). Table 5-16 below summaries 
the difference between the values of AUC with statistical difference.   
 
              
Table 5-16: Summaries of the mean AUC data (normalised to 100% control) during ATP 
episodes (E1-E3) alone and ATP episodes in the presence of P2X7 blocker (hydrochloride 
hydrate) of spontaneous uterine contractility in term pregnant rats.  
            ATP episodes 
AUC           E1         E2          E3 
 
ATP alone 
 
94% 
(n=6) 
127% 
(n=6) 
146% 
(n=6) 
 
ATP  and  P2X7 
blocker 
 
73% 
(n=6) 
64% 
(n=6) 
 57% 
(n=6) 
P value 
< 0.05 * 
n/s    P <0.05        P <0.05 
 
 
These pieces of data suggested that, P2X7 receptors mediated the increase 
of uterine activity induced by ATP agonist, in a term-pregnant rat uterus, and 
blocking this pathway can significantly decrease or inhibit the rebound increase in 
force induced by ATP. 
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5.4.23 The Effect of Repeated Episodes of Transient Hypoxia on 
Uterine Contractions  in the Presence of Niflumic Acid in Term-
Pregnant Rats 
 To determine if hypoxic preconditioning involves opening of cholride 
channels, a relativley specific blocker of Cl- Channels, Niflumic acid (NFA), was 
used. A concentration of 5µM  of NFA was applied on uterine contractions and left 
throughout the entire experiment, and the effect of repeated 5mins hypoxia was 
investigated thereafter. Surprisingly, the effect of hypoxic preconditioning (i.e. the 
sustained rebound increase of amplitude during recovery periods) was significantly 
abolished by NFA. A typical trace with a paired control experiment are shown in 
figure 5-40 (n=6).  All contractions were induced with 5nM OT.    
 
The effect during hypoxic episodes  
AUC 
 Although the values of the AUC were gradually and slightly decreased from 
the 1st hypoxic episode (17%±3) until the 3rd episodes (12%±4), no significant 
difference was found. 
 
The effect during recovery periods 
Force amplitude 
Although force recovered after the transient hypoxic episodes, analysis of mean 
amplitudes showed no significant difference between recovery periods (R1-R3) or 
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when compared to 100% control. Table 5-17 below shows the average force 
amplitudes during recoveries.   
Table 5-17:  Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of 5µM Niflumic 
acid. 
                                                              Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
 (Niflumic acid) 
    
100% 
(n=6) 
    100% 
(n=6) 
99% 
(n=6) 
97% 
(n=6) 
 
 
Frequency 
 The number of contractions was slightly decreased during recovery periods. 
However, statistical analysis showed no significant difference between the mean 
frequencies or when compared to 100% control. 
AUC 
 Analysis of the values of AUC showed a gradual decrease of the values of 
AUC during recovery periods. There was a significant decrease in the value of 
AUC during the 3rd recovery (R3) (72%± 6, p <0.05) compared to 100% control. 
 These data suggest that blocking chloride channels with NFA can abrogate 
the rebound increase of force following repeated episodes of transient hypoxia. Bar 
charts with statistical difference are shown in figure 5-41. 
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Figure 5-40: The effect of repeated episodes of transient hypoxia on uterine 
contraction in the presence of NFA in a term-pregnant rat. 
(Top trace): Paired control experiment for the effect of repeated episodes of 5mins 
hypoxia on uterine contractility in term-pregnant rat. Note the rebound increase of 
force during recovery periods.  
(Bottom trace): The effect of repeated episodes of 5mins hypoxia on uterine 
contractions in the presence of selective chloride channel blocker; 5µM Niflumic acid 
(NFA) in a term-pregnant rat. Note that blocking the chloride channels abolished the 
rebound increase in contractile activity during recovery periods (n=6). All contractions 
were induced with 5nM OT. The time scale on X axis is different in both traces as in 
the bottom strip the tissue was pretreated with NFA for at least 40 minutes before the 
application of the transient hypoxic episodes and after the removal of NFA the tissue 
was stimulated with OT for 30 minutes to allow recovery. 
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Uterine activity during hypoxic/recovery periods in the presence of NFA 
 
 
 
 
                   
 
 
 
 
 
Figure 5-41: The effect of repeated episodes of transient hypoxia on 
contractile parameters, in the presence of Niflumic acid, in term-pregnant 
rat uterus.   
 Bar charts showing the effect of multiple episodes of 5mins hypoxia in the 
presence of selective chloride channel blocker (5µM Niflumic acid) on A) Force 
amplitude, B) Frequency, and C) AUC during hypoxic episodes and recoveries in 
term-pregnant rats. Any significant difference is highlighted by bar and asterisk 
(*p = 0.05 or less), (R) denotes Recovery, (E) denotes hypoxic episode. 
A- Amplitude  B- Frequency  
C- AUC  
% of 
control 
% of 
control 
% of 
control 
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5.4.24 The Effect of Repeated Episodes of Transient Hypoxia on 
Uterine Contractions  in the Presence of  U-73122, an Inhibitor of PLC,  
in Term-Pregnant Rats 
To determine if phospholipase C (PLC) activation was implicated in the 
rebound and sustained increase of uterine activity, following the transient episodes 
of hypoxia, a selective and potent inhibitor of PLC was used. Phospholipase C 
inhibitor (U-73122) prevents the generation of IP3 and subsequent calcium release 
from the SR.  A concentration of 10µM U-73122 was dissolved in a vehicle DMSO 
and applied on uterine contractions. This did not change the uterine activity over 
time (figure 5-42; the bottom trace).  
 Intersestingly, repeated transient episodes of 5mins hypoxia, in the presence of 
PLC inhibitor, abolished the rebound increase of  force amplitude during recovery 
periods. A typical trace is shown in figure 5-42; the top trace (n=7). All contractions 
were induced with 5nM OT.  
The effect during hypoxic episodes  
AUC 
 The mean AUC was gradually and slightly decreased with subsequent 
hypoxic episodes. However, statistical analysis did not show any significant 
difference between the means of hypoxic episodes. 
The effect during recovery periods 
Force amplitude 
 Analysis of force amplitudes showed a gradual and progressive decrease in 
the averages of force amplitude during recovery periods (R1-R3). There was a 
significant decrease in the average of force during the 3rd recovery (R3) (90%± 3, p 
307 
 
<0.05) compared to 100% control.  Table 5-18 below shows the mean force 
amplitudes during recovery periods. 
 
Table 5-18: Summary of the mean force amplitude data (normalised to 100% control) 
during recovery periods (R1-R3) of uterine contractility in the presence of 10µM U-73122. 
                                                                 Recovery periods 
Force amplitude control         R1          R2 R3 
 
Term-pregnant 
     (U-73122) 
    
100% 
(n=7) 
    96%±0.7 
(n=7) 
93%±2 
(n=7) 
90%±3 
(n=7) 
 
 
Frequency 
 Analysis of frequency, in 10mins interval, showed a gradual and progressive 
decline in the number of contractions, following the transient hypoxic episodes. 
There was a significant decrease in frequency during the 3rd recovery (R3) 
(89%±4, p <0.05) compared to 100% control. 
AUC 
 Although the values of AUC were gradually and slightly decreased during 
recoveries, there was no significant difference between the means or when 
compared when 100% control. 
These data suggest that, inhibition of PLC pathway, can prevent the rebound 
increase of force (hypoxic preconditioning) conferred by repetitive transient hypoxic 
episodes. Bar charts with statistical difference are shown in figure 5-43. 
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Figure 5-42: The effect of repeated episodes of transient hypoxia on uterine 
contractions in the presence of U-73122 in a term-pregnant rat. 
(Top trace): The effect of repeated episodes of 5mins hypoxia on uterine contractions 
in the presence of a selective PLC inhibitor; 10µM U-73122 in a term-pregnant rat. 
Note that, blocking PLC, abolished the rebound increase in contractile activity during 
recovery periods (n=7). All contractions were induced with 5nM OT. 
(Bottom trace): Control activity in vehicle DMSO and the application of 10µM U-
73122 which did not change the uterine contractility over time. 
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Uterine activity during hypoxic/recovery periods in the presence of U-
73122 
 
 
               
 
 
 
 
 
 
Figure 5-43: The effect of repeated episodes of transient hypoxia on 
contractile parameters in the presence of U-73122 in term-pregnant rat 
uterus. 
Bar charts showing the effect of multiple episodes of 5 minutes hypoxia in 
the presence of a selective PLC inhibitor (10µM U-73122) on A) Force, B) 
Frequency, and C) AUC during hypoxic episodes and recoveries in term-
pregnant rats. Any significant difference is highlighted by bar and asterisk 
(*p = 0.05 or less), (R) denotes Recovery, (E) denotes hypoxic episode 
A- Amplitude B- Frequency 
C- AUC 
% of 
control % of 
control 
% of 
control 
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5.4.25 The Effect of Hypoxia and pH Changes on Calcium 
Signalling in a Term-Pregnant Rat Uterus 
 
5.4.25.1 The Effect of Repeated Episodes of Transient Hypoxia on 
Intracellular Calcium Transient and Uterine Contractions in Term-Pregnant 
Rats  
 Changes in [Ca2+]i must occur before any myometrial contraction. 
Previously, I have shown that repeated episodes of transient hypoxia can 
precondition the uterus (i.e. Increase the contractile activity following transient 
hypoxic episodes) near to or during labour. To further investigate if intracellular 
calcium transient was associated with the increased in contractile activity, I 
performed experiments to establish the effect of repeated transient episodes of 
hypoxia on [Ca2+]i. Loaded myometrial strips with Indo-1AM calcium indicator were 
used as described in chapter 2 (methods). After 3 hours loading, myometrial strips 
were placed into the bath for experimentation and all myometrial strips used were 
stimulated with 0.1nM OT to keep the activity as frequent as possible. Once activity 
became regular and frequent, 3 episodes of 10mins hypoxia were applied, 
separated by periods of 20-30mins recovery.  Figure 5-44 gives a typical recording 
of both changes in intracellular calcium and tension (force), where opposite 
changes in both indo-1 emission signals were obtained.  
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Figure 5-44: An original recording of simultaneous measurement of force 
and intracellular calcium using indo-1 indicator. 
The top black trace is the changes in tension (force), the green trace is the 
emission record at 500nm and the blue trace is the 400nm emission fluorescence 
signal, showing opposite changes. The bottom red trace is the ratio of the two 
wavelengths (F400/F500), and is an indication of the changes in intracellular 
calcium which accompany myometrial contractions. Some of this data has been 
shown before in figure 2-6. 
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The effect of repeated episodes of hypoxia on force  
The effect during hypoxic episodes  
AUC  
Analysis of AUC during hypoxic episodes (E1-E3), showed a gradual and 
significant increase of the values of AUC. There was a significant increase of the 
value during the E3 (70±2, p <0.05; n=5) compared to the E1 (54±3; n=5). 
 
The effect during recovery periods  
Force amplitude 
 Analysis of the force amplitude during recovery periods (R1-R3,) showed a 
gradual and significant increase of the mean force amplitudes. There were 
significant differences between: 
 100% control and R1 (118± 3, p <0.05; n=5), 
 Control and R2 (125± 3, p <0.05; n=5), 
 Control and R3 (136± 6, p <0.05; n=5), and 
 R1 and R3 (118± 3 and 136± 6 respectively, p <0.05; n=5). 
 
 AUC 
 Analysis of AUC showed a gradual and significant increase of the values of 
AUC during recovery periods (R1-R3). There were significant differences between: 
 100% control and R2 (123± 5, p <0.05; n=5), 
 Control and R3 (135± 6, p <0.05; n=5), and 
313 
 
 R1 and R3 (113± 3 and 135± 6, respectively, p <0.05; n=5).  
 Bar charts showing the effect of repeated episodes, of 10mins hypoxia, on 
force and AUC, during myometrial contractility, with significant differences are 
shown in figure 5-45. 
 
 
 
 
           
Figure 5-45: The effect of repeated episodes of transient hypoxia on 
force amplitude and AUC in term-pregnant rats.   
Bar charts showing the effect of multiple episodes of 10 minutes hypoxia on 
A) Force amplitude and B) AUC during hypoxic episodes and recoveries in 
term-pregnant rats. Myometrial activity was induced with 0.1nM OT.  Any 
significant difference is highlighted by bar and asterisk (*p = 0.05 or less), (R) 
denotes Recovery, (E) denotes hypoxic episode. 
 
 
A- amplitude  B- AUC  
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The effect of repeated episodes of hypoxia on intracellular calcium 
transient  
 Calcium transient data were obtained from the same recording along with 
the force from the previous data. Typical recordings showing myometrial 
contractions with simultaneous [Ca2+]i changes during repeated episodes of 
10mins hypoxia  are shown in figure 5-46. 
 
The effect during hypoxic episodes and recovery periods 
 
Calcium transient amplitude  
 Measurement of calcium transient amplitude was determined by averaging 
the last five peak amplitudes during control, hypoxic episodes, and recovery 
periods and subtracting the values from the baseline for such calcium amplitudes. 
However, analysis of [Ca2+]i amplitudes showed no significant changes in the mean 
amplitude during hypoxic episodes or during recovery periods (p >0.05, n=5).   
The frequency of calcium transient during recovery periods 
Analysis of the frequency of calcium transient, in 10 minutes period, showed no 
significant difference in the number of calcium transients during recovery periods 
or when compared to 100% control (p >0.05, n=5).    
AUC 
During hypoxic episodes 
 Generally, during initial hypoxia the basal calcium was markedly elevated 
and gradually decreased during subsequent hypoxic episodes. Analysis of the 
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values of AUC of [Ca2+]i during hypoxic episodes showed, a gradual and significant 
decrease of the mean AUC from E1 to E3 (table 5-19). 
Table 5-19: A summary of the mean AUC of calcium transient (normalised to 100% 
control) during repeated episodes of hypoxia in term-pregnant rats (n=5). 
                                         Hypoxic episodes  
AUC control E1 E2 E3 
 
Term-pregnant 
    
100% 
   (n=5) 
135% 
  (n=5) 
127% 
(n=5) 
115% 
(n=5) 
 
Statistically, there were significant differences between:  
 100% control and E1 (135%± 6, p <0.05; n=5), 
 Control and E2 (127%± 6, p <0.05; n=5), and 
 E1 and E3 (135± 6 and 115± 2 respectively, p <0.05; n=5). 
 
 
During recovery periods 
There was no significant difference in the values of AUC, during recovery periods, 
in calcium transients.  
The [Ca2+]i data suggest that, the amplitude was unchanged during, or after, the 
hypoxic episodes, whilst, the entire AUC of [Ca2+]i was, initially elevated during 
hypoxia, and declined gradually during the subsequent hypoxic episodes.  
Bar charts showing the effect of repeated episodes of 10mins hypoxia on the 
amplitude and AUC of calcium transient are shown in figure 5-47. 
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Figure 5-46: The effect of repeated episodes of transient hypoxia on 
simultaneous calcium and force in a term-pregnant rat myometrium. 
Representative traces showing the effect of repeated episodes of 10mins hypoxia 
on simultaneous calcium transient and myometrial contractility. Note the decrease 
of force during hypoxia which was mirrored by the increase in the basal [Ca2+]I, and 
upon recovery,  force rebound,  whilst, intracellular calcium transient returned to 
normal baseline. Moreover, the increase in basal calcium was gradually decreased 
during the subsequent hypoxic episodes, whilst, the force was gradually increased 
(n=5). All contractions were induced with 0.1nM OT. 
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Figure 5-47: The effect of repeated episodes of transient hypoxia on the 
amplitude and AUC of calcium transients in a term-pregnant rat uterus. 
Bar charts showing the effect of multiple episodes of 10 minutes hypoxia on 
A) Amplitude and B) AUC of calcium transients during hypoxic episodes and 
recoveries in term-pregnant rats.  Any significant difference is highlighted by 
bar and asterisk (*p = 0.05 or less), (R) denotes Recovery, (E) denotes 
hypoxic episode. 
 
A- Amplitude of Ca2+ during Recovery and hypoxic episodes 
B- AUC of Ca2+  during Recovery periods and hypoxic episodes 
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5.4.25.2  The Effect of Repeated Episodes of Hypoxia on KCl-Induced 
Uterine Contractions and Intracellular Calcium Transient in Term-Pregnant 
Rats  
 
 In this chapter, I showed that repeated episodes of 5mins hypoxia on 
depolarized uterine preparations resulted in a gradual decrease of the fall of force 
during hypoxic episodes and improved the tolerance of uterine tissues to 
subsequent hypoxic insults. This finding was only seen in term-pregnant rat tissues 
and was not seen in non-pregnant uterine strips. However, to further investigate 
the effect on [Ca2+]i and force, loaded term-pregnant myometrial strips  were 
challenged with 60mM KCl to depolarize the membrane and the effect of repeated 
episodes of 5min hypoxia was investigated while myometrium was depolarized. 
Application of 60mM KCl produced a tonic contraction, and a marked increase in 
the basal [Ca2+]i (figure 5-48A). However, repeated episodes of hypoxia, on a 
depolarized myometrium, always produced a significant increase in the basal 
[Ca2+]i  which remained elevated until the removal of high K
+ solution. 
Generally, there were significant and gradual decreases of calcium parameters 
(amplitude and AUC) from the 1st application of hypoxia until the 3rd application. A 
summary of the mean calcium transient amplitudes is shown in table 5-20 below. 
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Table 5-20: A summary of the mean calcium amplitude (normalised to 100% 1st 
episodes) during repeated episodes of hypoxia on a depolarized myometrium in 
term-pregnant rats. 
                                Hypoxic episodes 
Ca2+ amplitude        E1          E2 E3 
 
Term-pregnant 
         
     100% 
(n=2) 
86% 
(n=2) 
74% 
(n=2) 
 
There were significant differences in the amplitude of calcium transient, during 
hypoxic applications, between: 
 100% 1st hypoxia (E1) and E2 (86%± 0.8; p < 0.05; n=2), 
 E1 and E3 (74%± 0.8; p < 0.05; n=2), and 
 E2 and E3 (86%± 0.8 and 74±0.8; p < 0.05; n=2). 
 
Furthermore, the AUC values of calcium transient during hypoxic episodes showed 
gradual decline of the value. There was a significant decrease of the value of AUC 
during the E3 (85%±2; p< 0.05; n=2) compared to 100% E1. 
 These pieces of data showed that the marked increase in [Ca2+]i during 
repeated hypoxic episodes gradually decline, with subsequent hypoxic episodes, 
suggesting a mechanism that control [Ca2+]i during hypoxic preconditioning.  Bar 
charts showing the effect of repeated episodes of 5mins hypoxia on the amplitude 
and AUC of [Ca2+]i  during hypoxic episodes on a depolarized myometrium with 
significant differences are shown in figure 5-48B.  
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Figure 5-48: The effect of repeated episodes of hypoxia on simultaneous calcium 
and force in a depolarized myometrium in term-pregnant rats 
A)  Representative traces showing the effect of repeated application of 5mins hypoxia 
on a depolarized term-pregnant myometrium. Note that, during initial hypoxia, the basal 
calcium increased markedly and decrease gradually (n=2).      
B) Bar charts showing the effect of 3 episodes of 5mins hypoxia on i) Amplitude and ii) 
AUC of [Ca2+]i in a depolarized myometrium during hypoxic episodes (n=2).  
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5.4.25.3 The Effect of External Acidosis (pH0= 6.45) on Simultaneous 
Calcium Transient and Uterine Contractions in Term-Pregnant Rats 
I have shown before that, changing the external pH from 7.40 to 6.9 can 
decrease the uterine activity and, upon return to 7.40, contractions recovered with 
greater force. Next I wanted to examine the effect of external pH on calcium 
transient and force simultaneously. Myometrial strips obtained from term-pregnant 
rats were loaded with calcium indicator (indo-1AM), to examine if the decrease of 
force during the application of external acidosis was due to the decrease in calcium 
transients. As shown clearly in figure 5-49, perfusing the uterine strips with acidotic 
solution (pH0= 6.45) for 10mins completely abolished the force, however, the 
calcium transient was initially decreased but the basal calcium gradually elevated 
and maintained without a parallel increase in force baseline, during the remaining 
duration of acidosis. Upon return to normal Krebs’ solution (pH 7.40), uterine 
activity recovered with greater force amplitude compared to control period and this 
was accompanied by a transient increase in calcium transient which was then 
returned towards the normal baseline level as before the acidosis (n=2).  
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Figure 5-49: The effect of external acidosis on simultaneous calcium and 
force in a term-pregnant rat myometrium 
Representative trace showing the decrease of myometrial contractility in response 
to external acidosis (pH0=6.45), mirrored  by initial and transient decrease of 
calcium transient followed by an increase in basal calcium which was maintained 
until the normal pH was resumed and then returned gradually towards the normal  
baseline level  (n=2). 
 
 
 
 
 
 
 
 
323 
 
5.4.25.4  The Effect of External Alkalosis (pH0= 7.9) on Simultaneous 
Calcium Transient and Uterine Contractions in Term-Pregnant Rats 
 Application of external alkalosis (pH 7.9) to myometrial strips caused a 
marked increase in frequency of contractions from 8 per 10mins to 11 per 10mins. 
These were mirrored by an increase in basal calcium and frequency. However, 
when normal pH (7.40) was resumed, no rebound increase in force or calcium 
transient was observed. A representative trace is shown in figure 5-50. 
 
 
Figure 5-50: The effect of external alkalosis (pH 7.9) on simultaneous calcium 
and force in a term-pregnant rat myometrium 
Representative traces showing the increase in the frequency of contraction in 
response to external alkalosis (pH0=7.9), which was mirrored by an increase in the 
frequency of calcium transient. However, when normal pH was returned, no 
rebound increase in force or calcium transient was seen (n=1). 
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5.5  Discussion 
 
In this chapter, I investigated potential mechanisms which might underlie the 
increase in contractile activity following the repeated episodes of transient hypoxia 
in term-pregnant rat uterus. I tested factors which might be acting at cell 
membrane e.g. Adenosine and ATP, or inside the cell e.g. COX pathways, pH 
change, PLC, and Calcium. My data indicate several factors that play an important 
role during the repetitive transient hypoxic episodes. I will discuss the data I have 
obtained and then summarize the implications of the data.  
 
5.5.1    The Effect of Repeated Hypoxic Episodes on KCl-Induced 
Uterine Contraction      
In Chapter 3, I showed that hypoxic preconditioning occurred during 
spontaneous uterine activity in term-pregnant rat. To determine if the action of 
hypoxic episodes lies beyond the excitation of surface membrane potential, 
repeated hypoxic episodes were applied to a fully depolarized pregnant and non-
pregnant rat myometrium. High-K+ solution was used at a concentration of 60mM 
to depolarize the myometrial cell membrane and to ensure opening of L-type Ca2+ 
channels.  Uterine smooth muscle is able to produce spontaneous contractions 
without any neural or hormonal input. For this to occur, two things must happen: 
(1) depolarization of myometrial cell membrane and (2) calcium influx into the cell 
and subsequent steps leading to contraction. Hypoxia may inhibit myometrial 
membrane action potential or may decrease calcium influx into the cell and/or may 
influence the steps following calcium entry or perhaps can act at all these locations 
to aid relaxation.  Addition of high-K+ solution to the uterus causes depolarization 
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of surface membrane and subsequently leads to calcium entry via VGCCs (Wray 
1993).  Moreover, during depolarization, the production of ATP increases to 
replenish ATP consumed during contraction (Karaki, Urakawa et al. 1984). I found 
that hypoxia on depolarized uterine preparations significantly decreased the force, 
in both pregnant and non-pregnant rats, consistent with previous studies on the 
effect of cyanide on depolarized myometria from rats and humans (Taggart, 
Menice et al. 1997; Monir-Bishty, Pierce et al. 2003). Under depolarization by high 
K+, a decrease in [PCr] and ATP can be anticipated.  It has been found that 
myometrial depolarization caused a marked fall in [PCr], a gradual decrease in 
[ATP], and a small rise in [Pi]  (Wray 1990). The increased [Pi] can reduce the 
myometrial calcium-activated force (Crichton, Taggart et al. 1993).  Moreover, I 
found that, repeated episodes of transient hypoxia on depolarized uterine strips 
gradually improved the fall of force and increased the tolerance to the subsequent 
hypoxic episodes. However, this was only seen in term-pregnant rat uterus, and 
not in non-pregnant.  This can be due to the differences in the concentration of 
ATP and PCr in the two animals.  It has been found that during hypoxia, the fall in 
[ATP] and [PCr] was much less in pregnant rat uterus compared to non-pregnant 
(Wray 1990). This is consistent with the findings that the concentration of ATP and 
PCr in the uterus increases with gestation and decrease after labour (Dawson and 
Wray 1985).  
Furthermore, the loss of cellular metabolites during hypoxic preconditioning 
may be regulated. Murry et al. (1990) has shown that, after repeated episodes of 
ischaemia, the rate of ATP depletion and the rate of anaerobic glycolysis were 
reduced greatly in preconditioned cardiac myocytes compared to control (Murry, 
Richard et al. 1990). This could be due to the reduced amount of protons 
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generated during ATP hydrolysis or due to the temporary preservation of high 
energy phosphate (HEP) contents. However, these suggested mechanisms may 
help maintaining and improving the force during repeated episodes of hypoxia.   
I found that the decrease in force during hypoxia while the tissue was depolarized 
was not mirrored by a fall in intracellular calcium transient but instead, the basal 
[Ca2+]i was maintained elevated significantly throughout the hypoxia suggesting a 
dissociation between calcium and force under this condition . These findings are 
consistent with the finding from human myometrium where anoxia caused by 
cyanide also decreased the force and increased the basal calcium (Monir-Bishty, 
Pierce et al. 2003). The source of elevated [Ca2+]i during hypoxia, is not fully 
described. One explanation could be due to the inhibition of calcium ATPase 
mechanisms including plasmalemmal Ca2+-ATPase that extrudes calcium outside 
the myometrium and SERCA which sequesters calcium into the SR as these 
mechanisms require ATP which is being depleted by hypoxia. Mitochondria could 
be another source leading to increased [Ca2+]i during hypoxia as their function to 
uptake calcium would be impaired during hypoxia (Piper, Noll et al. 1994). It has 
also been reported, in isolated guinea-pig ventricular myocyte, that during 
metabolic inhibition, the K+ ions efflux and N+ ions influx lead to net calcium ions 
influx resulting in calcium overload (Satoh, Hayashi et al. 1995). 
 During myometrial depolarization, intracellular acidification occurs, however, 
hypoxia applied on a depolarized myometrium can further decrease the 
intracellular acidification (Wray 1990; Taggart and Wray 1995). This can explain, 
partly, the improvement in the fall of force during hypoxia on pregnant depolarized 
myometrium, as repeated acidosis can, partly, precondition the pregnant 
myometrium and increase the tolerance (see section 5.5.5 below). Therefore, 
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Transient intracellular acidifications can be considered as triggers for hypoxic 
preconditioning and improve the contractility.   
 My data show that, when high K+ solution was removed, intracellular 
calcium transient returned to normal as before the first application of hypoxia. 
However, the application of the second hypoxia, also, resulted in an increased 
[Ca2+]i but ,interestingly, the amplitude was significantly reduced compared to the 
first application of hypoxia (p <0.05). Moreover, the application of the third hypoxia 
resulted in an increased basal [Ca2+]i but,  its amplitude and AUC was significantly 
reduced compared to the first hypoxia (p <0.05) and compared to the amplitude 
during the second hypoxia (p <0.05). These data are consistent with my data on 
the effect of repeated hypoxia on depolarized uterine strips. As the [Ca2+]i  
decreased gradually during repeated hypoxic episodes, the fall of force, on the 
other hand, gradually decreased suggesting that the decrease in [Ca2+]i may be 
responsible for the preconditioning.  Moreover, these results suggest that, 
repeated transient episodes of hypoxia separated by periods of re-oxygenation 
may stimulate mechanism that controls the concentration of intracellular calcium to 
prevent further cell injury caused by elevated [Ca2+]I and improve cell function. 
Recently, it has been shown, in pigs’ myocardium, that the concentration of 
intracellular calcium was significantly reduced in ischaemic preconditioning group 
(IP) compared to non-preconditioned group suggesting that, IP could decrease 
calcium overload during repeated transient ischaemia (Waldenström, Ronquist et 
al. 2012). It has also been found, that ischaemic preconditioning could improve the 
function of mitochondria during transient episodes of ischaemia/ reperfusion which 
could improve the mitochondrial tolerance to calcium overload (Crestanello, Doliba 
et al. 2002). In addition, hypoxic preconditioning has been demonstrated to 
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significantly abolish intracellular calcium overload in brain slices in vitro which 
preserve the cell function and prevent further cell injury caused by elevated [Ca2+]i 
(Semenov, Miller et al. 2004). All these results, however, support the fact that 
repeated episodes of transient hypoxia/ ischaemia separated by periods of 
recovery can limit the intracellular calcium overload and may improve 
mitochondrial handling of [Ca2+]I which ultimately improve the survival of the cell as 
periods of re-oxygenation are essential to restore normal [Ca2+]i and to wash out 
the metabolic by-products.   
In summary, the improvement of the fall of force, during the repeated episodes of 
transient hypoxia on depolarized term- pregnant uterine strips, may be due to the 
gradual decrease in [Ca2+]i, during the repeated hypoxic episodes, and the 
mechanism that is involved is assumed to be beyond the level of membrane 
excitation in depolarized uterine strips. 
 
5.5.2    The Effect of Repeated Episodes of Hypoxia on Intracellular 
Calcium [Ca
2+
]I during OT-Induced Uterine Activity in Term-Pregnant 
Rat  
 During normal uterine contraction, a transient increase in [Ca2+]i must occur. 
To establish, if calcium transient, was associated with the increased force following 
the repeated episodes of transient hypoxia, loaded myometrial strips with indo-
1AM were used. Intracellular calcium homeostasis is maintained by calcium pumps 
which found on plasma membrane (PMCA) or on SR (SERCA). These pumps 
utilize energy (ATP) to maintain the [Ca2+]i as low as possible. Therefore, during 
myometrial depolarization, calcium enters the cell via VGCCs and binds to CaM 
which phosphorylates MLC20 which, eventually, enables acto-myosin cross bridge 
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cycling, resulting in myometrial contraction. Relaxation is brought about by a 
decrease in [Ca2+]i and dephosphorylation of MLC20  by MLCP. Therefore, during 
normal myometrial contractions and relaxation there would be also preceding 
events of increase and decrease in intracellular calcium transient, respectively.   
My data showed that initial hypoxic episode produced a marked decrease in force, 
accompanied by marked elevation in basal calcium, which was maintained until the 
effect of hypoxia was removed. The entire AUC of the force, during hypoxic 
episodes, showed a significant increase in the values compared to control period. 
However, during recovery periods, the force amplitude gradually increased and 
maintained elevated, while [Ca2+]i returned to normal baseline. This finding was 
also similar to my previous finding during repeated episodes of hypoxia on 
depolarized myometrium. Another important finding is that the entire AUC of 
calcium transient was gradually and significantly decreased from the first episode 
of hypoxia to the third hypoxic episode, suggesting a mechanism that maintains 
intracellular calcium homeostasis in the myometrium during repeated and transient 
episodes of hypoxia. Again, this finding was also similar and supported by my 
previous finding during hypoxic episodes on depolarized myometrium. The 
correlation between calcium and force was clear in my data. I found that, as [Ca2+]i 
decreases, during the repeated hypoxic episodes, the force on the other hand, 
increases.  Moreover, during recovery periods, [Ca2+]i returned to normal baseline, 
and the force increased and maintained.  If the decrease in force during hypoxia, 
cannot be explained by a fall of [Ca2+]i, then my results may suggest that hypoxic 
episodes inhibit force production directly at the level of contractile machinery 
leading to a dissociation between calcium and force. 
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The reasons for the gradual decrease in total [Ca2+]i during repeated 
episodes of transient hypoxia, are not clear. It is known that, hypoxic 
preconditioning reduces the amount of ATP depletion and allows the tissue to 
survive for long period during prolonged hypoxia in the brain (Brucklacher, 
Vannucci et al. 2002). Moreover, it has been shown in cardiomyocyte that the rate 
of ATP depletion was reduced and [ATP] was preserved following repeated 
episodes of transient ischaemia and reperfusions (Reimer, Murry et al. 1986). 
However, these studies could explain why [Ca2+]i gradually declines after repeated 
episodes of hypoxia on myometrium as the function of calcium pumps  may be 
restored gradually which could maintained the calcium homeostasis during 
repeated exposure to hypoxia. Furthermore, ischaemic preconditioning could lower 
the mitochondrial calcium overload that occurs during hypoxia and improves the 
ability of mitochondria to generate more ATP efficiently. It has been found in rat 
cardiomyocyte, that the mitochondrial calcium concentration was reduced after 
repeated episodes of transient ischaemia which was mediated by the opening of 
mitochondrial KATP channels (Wang, Cherednichenko et al. 2001).  
In summary, the concentration of intracellular calcium is increased during 
the initial hypoxia, and decreased gradually during multiple transient hypoxic 
episodes, separated by periods of re-oxygenation. This will allow restoration of 
function and preparation for subsequent hypoxic insults. Moreover, the increase in 
force, following the repeated transient hypoxic episodes, was not associated with 
the increase in [Ca2+]i. 
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5.5.3     The Effect of Repeated Episodes of Transient Hypoxia on 
Uterine Contractility in the Presence of Atosiban  
 Atosiban is a potent oxytocin receptors (OTRs) antagonist (Büscher, Chen 
et al. 2001). It is well-known that Atosiban is effective in treating pre-term labour 
(Romero, Sibai et al. 2000). Moreover, it has been found in vitro that  Atosiban was 
able to significantly inhibit the human myometrial contractions induced by OT in 
dose-dependent manner (Büscher, Chen et al. 2001) and also can decrease OT-
induced contractions in rat myometrium (Nikolettos, Triantafillidis et al. 2012). Most 
experiments in this thesis were performed using 0.1-5nM OT to stimulate and 
maintain uterine activity for longer periods. To rule out that the increase in 
contractile activity following repeated transient hypoxic episodes were not due to 
other mechanisms induced by OT, I selectively blocked OTRs with 5µM Atosiban 
throughout the entire experiments while repeated hypoxic episodes were applied 
(figure 5-5). It can be seen that this did not prevent the gradual and progressive 
rebound increase in force to occur during re-oxygenation periods in term-pregnant 
tissue suggesting that OT was not the sole cause of the increase of force during 
hypoxic preconditioning but other mechanisms have been triggered as well by 
transient hypoxic episodes. 
 
5.5.4     The Effect of Repeated Episodes of Zero External Ca2+ on 
Uterine Contractility  
To establish, if calcium entry during hypoxia was essential in hypoxic 
preconditioning and to know if small uterine activity was needed during hypoxic 
episodes for the rebound increase in force amplitude to occur, experiments were 
performed in zero Ca2+ solutions. Repeated episodes of zero-Ca2+  and EGTA 
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always abolished the uterine activity and upon readmission of external Ca2+,  force 
slightly rebounded but this was not as large as during hypoxic episodes and was 
transient,  quickly returning to  control values period.  My data show that repeated 
zero-Ca2+ episodes did not lead to sustained rebound increase of force as seen 
with hypoxic episodes. However, to determine if calcium entry during hypoxic 
episodes could contribute to the increase of force during re-oxygenation periods, 
transient hypoxic episodes were applied simultaneously along with zero-Ca2+ 
episodes. I found that transient repeated episodes of hypoxia and zero-Ca2+ 
resulted in a gradual rebound increase in force amplitude during re-oxygenations. 
Moreover, when comparing the contractile activity between repeated zero-Ca2+ 
episodes and repeated zero-Ca2+ episodes with hypoxia, I found that hypoxia 
always increases the force significantly. These findings suggest that uterine activity 
during hypoxic episodes is not essential for the rebound increase in contractile 
activity to occur during recovery periods, and that the rebound increase in force 
during recoveries does not rely on calcium entry during the transient hypoxic 
episodes. 
 
5.5.5    The Effect of Repeated Episodes of External Acidification and 
Alkalinization on Uterine Contractility in Term-Pregnant Rats  
As acidosis is a major component of hypoxia, I performed experiments to 
establish the effect of repeated external acidosis, on term-pregnant uterine activity. 
I found that, external acidosis, always decreased the uterine activity and this is 
consistent with previous findings in pregnant and non-pregnant rat myometrium 
(Wray, Duggins et al. 1992) and also in human myometrium (Parratt, Taggart et al. 
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1994). The mechanisms by which external acidosis could affect contractility are 
well-established. It has been found, in human uterine strips, that phasic activity 
responded very similarly to changes in either external or internal pH, suggesting 
that external pH (pH0) may influence VGCCs and affect calcium entry as pHi does  
(Pierce, Kupittayanant et al. 2003). The same finding was also reported in human 
mesenteric arterial smooth muscle cells (Smirnov, Knock et al. 2000). So, it can be 
concluded that extracellular acidosis can influence calcium entry via VGCCs and 
thereby affecting the subsequent steps leading to force production in myometrial 
cells.     
My data showed for the first time that repeated episodes of external acidosis 
resulted in a gradual and significant increase in force amplitude in term-pregnant 
uterus which mimics the effect of hypoxic preconditioning.  Interestingly, Babsky et 
al. (2002) found that during ischaemic preconditioning, ischaemia did not change 
pHi in preconditioned hearts, whereas, ischaemia decreased pHi by ~ 0.6 units in 
control groups. They concluded that, ischaemic preconditioning activates ion 
transport processes, which stimulates Na+/H+ exchanger and then reduce H+ 
overload (Babsky, Hekmatyar et al. 2002). They also concluded that ischaemic 
preconditioning improved functional recovery of cardiac muscle after ischaemic 
episodes compared to paired control group. It has been also shown, in cardiac 
myocytes, that repetitive episodes of intracellular acidification protected the 
myocyte from subsequent ischaemic injury via activation of protein kinase C (PKC) 
which potentially activated proton efflux via Na+/H+ exchanger and thereby 
lowering the intracellular proton overload (Lundmark, Trueblood et al. 1999).  
Moreover, Fleet et al. (1985) found, also, that extracellular acidosis was greatest 
during the first ischaemic episode, and, decreased progressively with each 
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subsequent ischaemic insult, suggesting an adaptation to the repeated external 
acidosis (Fleet, Johnson et al. 1985). This might result, in part, from the reduced 
lactate accumulation which occurs after repeated transient hypoxic / ischaemic 
episodes.   
 During repeated transient hypoxic episodes there will also be simultaneous 
repeated transient acidifications. The initial intracellular proton load will decrease 
force, but after several episodes of extracellular acidification, it is postulated that 
the proton load is decreased and the contractions improve when normal pHi is 
restored during recovery periods.  Since Na+/H+ exchange is present in the 
myometrium, similar mechanisms to those proposed in cardiac myocytes, may be 
occurring and contributing to the rebound increase in force.   Another mechanism 
by which external acidosis can protect the cell from hypoxic injury and improves 
the function is via activation of p38 and akt kinases. Both p38 MAPK and akt 
kinases can be activated by both intracellular and extracellular acidifications (Xu, 
Fukumura et al. 2002; Zheng, Hou et al. 2004; Martínez, Vermeulen et al. 2006). It 
has been reported that preconditioning by external acidosis resulted in a 
preservation of function and protection against ischaemia, possibly via activation of 
p38 MAPK and akt kinases. This was followed by overexpression of Bcl-xL and 
suppression of caspase-12 cleavage which is an important anti-apoptotic 
mechanism of acidosis preconditioning (Flacke, Kumar et al. 2009). Furthermore, it 
has been demonstrated in preconditioned hepatocytes that, activation of p38, has 
been found to reduce acidosis and increase the resistance to hypoxia (Carini, 
Grazia De Cesaris et al. 2001).   
 On the other hand, I found external alkalinization to increase the force 
amplitude and frequency in uterine strips. However, repeated episodes of external 
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alkalinization did not result in preconditioning i.e. increase force after repeated 
episodes of (pH 7.9) and statistical analysis did not show any significant difference 
between recovery periods. I also found that the rebound increase in force 
amplitude after external acidosis was not transient, and could sustain elevated for 
long period. These data suggest that the increase in force amplitude during 
repeated acidifications was not due to the transient rebound alkalinization that 
occurs when normal Krebs’ solution was returned. In addition, these findings lead 
me to conclude that only repeated transient acidifications can precondition the 
pregnant uterine tissue near term.  
 I have now shown that, both repeated transient episodes of hypoxia or 
acidic pH0 can precondition the term-pregnant uterus. Statistical analysis showed 
that the hypoxic episodes produced larger and significant rebound increase in 
force amplitude during all recovery periods compared to external acidification.  
These data strongly indicate that hypoxic preconditioning can stimulate other 
mechanisms in addition to acidosis which potentiate and augment uterine activity 
during the repeated transient hypoxic episodes. It has been found that, both 
repeated episodes of transient ischaemia and extracellular acidosis, could 
precondition the myocardium in the same manner, possibly due to the preservation 
of ATP which provides substrates for Na+ efflux via Na+/K+ ATPase and, thereby, 
reduces the reperfusion injury (Lundmark, Trueblood et al. 1999).  
 I found that, during external acidosis, a fall of force was mirrored initially by 
an accompanying fall of calcium transient but the baseline of the calcium gradually 
increased and was maintained during the rest of acidosis and returned to normal 
baseline when normal Krebs’ solution was returned. So, my preliminary data 
suggest that calcium transient increased initially with contractions during recovery 
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period and returned to previous level, whilst force remained elevated and 
sustained which may suggest calcium sensitization.  It has been found that, 
acidosis decreased the force of myometrial preparations contracting spontaneously 
or under OT stimulations, in human myometrium, and the baseline level of [Ca2+]i 
was elevated throughout the application of acidosis (Pierce, Kupittayanant et al. 
2003).   
 
5.5.6    The Effect of Repeated Transient No-flow on Spontaneous 
Uterine Contractions      
 During strong uterine contractions, ischaemia and/or hypoxia can develop 
leading to deleterious effect on contractions. To mimic ischaemia in vitro, I 
developed a protocol to stop the flow rate while O2 was present throughout the 
experiments. During no-flow, uterine activity was abolished in all term-pregnant 
uterine preparations tested, and following the repeated episodes of transient no-
flow, force increased significantly.   The reason behind the fall of force during no-
flow periods cannot be due to the sudden change in the bathing temperature as I 
continually monitored the temperature of the bathing solution throughout the entire 
experiments.  Harrison et al. (1995) have found that uterine ischaemia produced, in 
vivo, by occlusion of uterine artery, in postpartum rats resulted in immediate 
decrease in uterine activity, caused by the drop of uterine blood flow. They also 
found that, during occlusion of rat uterine artery, in vivo, there was a rebound 
increase in force amplitude above the control level after the first but not the second 
episode of ischaemia  (Harrison, Larcombe-McDouall et al. 1995). Interestingly, I 
found that upon re-perfusion, force was gradually recovered with slight increase in 
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amplitude to a level above the control, and that, repeated episodes of transient no-
flow, resulted in a gradual and significant increase of contractions in term-pregnant 
uterine strips.  To further investigate this, the same experiments (i.e. repeated 
episodes of 2-mins no-flow) were performed on non-pregnant rat uterine tissue.  
Surprisingly, transient no-flow episodes never abolished the uterine activity in non-
pregnant uterine strips as seen in all pregnant tissues but, instead, the amplitude 
was slightly decreased. Upon re-perfusion, contraction amplitudes progressively 
and significantly decreased, along with generalised decrease in both frequency 
and AUC. These data can suggest that term-pregnant tissues responded to the 
transient no-flow episodes very rapidly and stopped producing any activity to 
preserve some energy and use it to produce greater force when re-perfusion is 
resumed. In addition, the mechanism that leads to a rebound increase in force 
amplitude, during re-flow periods, might not be present in non-pregnant uterine 
tissues.  
 The causes of this gradual increase of force, after transient no-flow 
episodes, are unclear. It is well known that, cellular metabolites and pHi may 
change, during ischaemia, which underlie the mechanism of a fall of force. Ionic 
changes (e.g. Ca2+, K+, and Na+) can occur either inside or outside the cell which 
will affect uterine activity during recovery from ischaemic periods. Moreover, 
previous studies have shown that ischaemia decreased intracellular [ATP], [PCr] 
and increased [Pi] in postpartum rat uterus (Harrison, Larcombe-McDouall et al. 
1995). The increase in [Pi] per se, can depress Ca
2+-activated uterine contractions 
in permeabilized rat uterus (Crichton, Taggart et al. 1993). It is also known that, 
transient uterine ischaemia, can produce large intracellular acidification, which can 
decrease the uterine contractions, in vivo (Harrison, Larcombe-McDouall et al. 
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1995). This notion, is also supported by, in vitro, work which demonstrated that the 
fall in pHi per se can completely abolish or decrease the myometrial contractions 
(Wray, Duggins et al. 1992; Earley and Wray 1993). However, all of these studies 
vary in the duration of ischaemic period applied, as in human, the duration of 
uterine contraction can last for 1-2mins (Iams, Newman et al. 2002) which is 
sufficient to abolish the uterine activity if no-flow occurs. My no-flow experiments 
were transient for 2mins which could physiologically mimic what may happen 
during labour, in vivo. This may indicate that, changes which occur during the 
transient ischaemic or/and hypoxic episodes, may result in preconditioning the 
uterus and improve the contractile activity during recovery periods.  
 Since I have data showing that repeated episodes of no-flow, can 
precondition the term-pregnant uterus, it was interesting to see if the combination 
of both transient no-flow and hypoxic episodes could produce greater force than 
hypoxic episodes only. My data clearly showed that, combining hypoxic episodes 
with no-flow produced greater uterine activity and a significant increase in force 
amplitude, than in hypoxic episodes only. These data indicate that, the 
mechanisms responsible for the production of a greater force amplitude and 
augmentation of contractions during hypoxia are also triggered by the transient no-
flow episodes, and occur more quickly or to a larger extend when both flow and 
oxygenation are reduced.  As several factors, inside and outside the cell, are 
considered to contribute to hypoxic /ischaemic preconditioning, it seems plausible 
that, their effects will summate and be greater in ischaemia than hypoxia. I 
specifically, investigated two agonists that have been considered important to 
preconditioning in other tissues, adenosine and ATP.  
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In uterine tissues, during hypoxic episodes, adenosine could be released 
into interstitial space and binds to its receptor and initiate a signalling cascade 
leading to preconditioning. This mechanism was studied extensively, in cardiac 
myocyte, and proved that adenosine was a very important mediator for ischaemic 
/hypoxic preconditioning (Ninomiya, Otani et al. 2002; Germack and Dickenson 
2005; Lankford, Yang et al. 2006). The proposed mechanism relating adenosine to 
preconditioning is that repeated episodes of transient ischaemia /hypoxia release 
adenosine from the hydrolysis of ATP, possibly by augmenting 5’-nucleotidase 
activity (Kitakaze, Hori et al. 1993). Moreover, it has been reported that, a transient 
decrease in energy charges during hypoxic /ischaemic preconditioning increased 
cytosolic 5’-nucleotidase activity that is responsible for adenosine production (Itoh, 
Oka et al. 1986). It has also been found that the activity of 5’-nucleotidase can be 
modified by the concentration of intracellular H+ and inorganic phosphate (Pi) 
which are normally produced during hypoxia /ischaemia (Itoh, Oka et al. 1986). 
These factors suggested that the enhancement of adenosine production which 
normally occurs during repeated hypoxic episodes, can modulate and enhance the 
contractile activity during hypoxic preconditioning. 
Activation of A1 receptors by adenosine in vitro causes uterine contractions 
in both pregnant guinea-pigs  (Schiemann, Westfall et al. 1991), humans (Tsai, 
Chiang et al. 1996) and, also, increases the amplitude and frequency of uterine 
contractions in pregnant sheep, which was significantly different from non-pregnant 
sheep myometrium (Fleet and Heap 1982). In addition, it has been also reported, 
in vivo, that adenosine increased intrauterine pressure (IUP) to a level comparable 
to those induced by oestrogen in pregnant ewe (Still and Greiss Jr 1978). 
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I initially tested if adenosine receptors were involved in hypoxic 
preconditioning in term-pregnant uterus using a non-selective adenosine receptors 
antagonist (8-SPT).   The results clearly indicate the involvement of adenosine 
receptors in hypoxic preconditioning in term-pregnant uterus. This is consistent 
with data from cardiac myocytes, which also show that the beneficial effect of 
ischaemic preconditioning was abolished when adenosine receptors were blocked 
by 8-SPT  (Liang 1996; De Jonge and De Jong 1999). I also found that a specific 
A1 antagonist (DPCPX) can also block the rebound increase in force, after hypoxic 
episodes, in term-pregnant uterus, compared to paired control experiments. This is 
also, consistent with data, which reported that blocking adenosine A1 receptors 
with DPCPX, could block the protective effect of preconditioning, in cardiac 
myocyte (Wang, Drake et al. 1997) and also, in hepatocytes (Ajamieh, Candelario-
Jalil et al. 2008).  These findings indicate that the nucleoside adenosine may act 
particularly at A1 receptor, to induce the signalling cascade and improves uterine 
contractility, following the transient hypoxic episodes. This cascade involves 
increasing [Ca2+]i as shown by Tsai et al. (1998).  These authors reported that 
adenosine rapidly increased [Ca2+]i followed by maintained increase in [Ca
2+]i in 
human uterine smooth muscle, suggesting that its initial mechanism was due to 
calcium release from SR and the maintained increase was due to calcium influx via 
calcium entry pathway (Tsai, Chiang et al. 1998). Stimulation of A1 receptor has 
been found to be coupled to inhibition of adenylyl cyclase and a decrease in cAMP 
in many tissues (Linden 1991), including the pregnant  guinea-pig myometrium 
(Schiemann, Westfall et al. 1991).  Moreover, studies have demonstrated that A1 
adenosine receptors are dissociated from adenylyl cyclase activity in non-pregnant 
guinea-pig myometrium, and a significant reappearance of A1 adenosine receptors 
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coupled to inhibition of adenylyl cyclase activity in pregnant guinea-pig 
myometrium very close to term (Smith, Silverstein et al. 1989; Schiemann, Westfall 
et al. 1991). Therefore, it seems reasonable from my data along with the 
supporting evidence to suggest that, in myometrial tissues, adenosine may exert 
its effect via A1 receptors resulting in a decline of intracellular cAMP and increase 
in [Ca2+]i, thereby leading to myometrial contractions. Another possible mechanism 
is that adenosine binds to A1 receptor and then activates PLC resulting in IP3 
production and an increase in [Ca2+]i, thereby leading to contraction (Tsai, Chiang 
et al. 1998). These results also suggest that, both adenosine subtypes (A1 and A2) 
can be expressed in myometrial cells, one mediating excitatory and the other 
inhibitory responses, and that these responses are modified by the physiological 
state of the uterus (non-pregnant or pregnant).    
ATP role: Secondly, I examined, if the increase of uterine contractions 
during hypoxic preconditioning was due to the activation of P2 receptors, 
particularly P2X7 receptors.  It has been found that vascular cells can release ATP 
into extracellular milieu in response to different vascular stresses including hypoxia 
/ischaemia or mechanical stretch (Grierson and Meldolesi 1995; Hamada, Takuwa 
et al. 1998).  Moreover, ATP can, also, be released into the extracellular space 
during hypoxic insults in rat brain (Gourine, Llaudet et al. 2005). Cytosolic ATP is 
released into the extracellular milieu through the connexin (gap junction) 
hemichannels (Cotrina, Lin et al. 1998; Gomes, Srinivas et al. 2005).  Furthermore, 
it has been shown that skeletal muscle cells release ATP to extracellular space in 
response to muscular contractions, possibly via pannexin-1 hemi-channels 
(Buvinic, Almarza et al. 2009). Activation of ATP receptors, by extracellular ATP, is 
suggested to play an important role in mediating ischaemic /hypoxic 
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preconditioning (Ninomiya, Otani et al. 2002). I found that extracellular ATP 
produced much greater stimulation, in term-pregnant uterine tissues, than in non-
pregnant. These data are consistent with previous work on the effect of ATP 
agonists  on pregnant and non-pregnant rat myometrium (Osa and Maruta 1987). 
The contraction in the uterus is thought to be mediated mainly by ATP acting on 
P2X7  receptors (Miyoshi, Yamaoka et al. 2010; Miyoshi, Yamaoka et al. 2012). 
Recently, it has been found that the expression of P2X7 receptors is increased 
dramatically with progression of pregnancy suggesting a role during parturition 
(Miyoshi, Yamaoka et al. 2010). The primary endogenous agonist for P2X7 
purinergic receptor is ATP (Surprenant and Alan North 2009). These data suggest 
that P2X7 pathways may mediate the uterine contractions induced by ATP and 
these support my finding, where blocking these receptors decreased the effect of 
ATP on term-pregnant uterine activity. I performed a preliminary study to 
investigate the effect of repeated episodes of transient hypoxia, on a term-
pregnant rat uterus, when P2X7 purinergic receptors were blocked by their specific 
antagonist. Surprisingly, the rebound increase in force amplitude was abolished, 
with the transient hypoxic episodes, compared to a paired control experiment. 
Miyoshi et al. (2010) suggested that the coordinated release of cytosolic ATP 
through gap junctions in uterine smooth muscles may occur at term (Miyoshi, 
Yamaoka et al. 2010). As the expression of gap junction is increased dramatically, 
in pregnant myometrium near term, it is postulated that ATP is released through 
the myometrial connexin hemichannels and binds to its receptors resulting in 
augmentation of uterine activity during repetitive hypoxic episodes. In addition, it 
has been reported that ATP release via connexin 43 hemichannels was observed 
in hippocampal astrocyes (Kang, Kang et al. 2008). Clarke et al. (2009) reported 
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that ATP is released, from cardiac myocyte, during hypoxia in adaptation to oxygen 
deprivation and its release is inhibited during hypoxia, when connexin 
hemichannels are inhibited, suggesting the involvement of connexin hemichannels 
(gap junctions) during hypoxia (Clarke, Williams et al. 2009). It has been also 
shown in vitro, that the efflux of ATP increased through connexin 36 hemichannels 
which mediated ischaemic preconditioning in the brain (Schock, LeBlanc et al. 
2008). 
 In my current study, I found that repeated episodes of transient ATP 
induced greater uterine activity in term-pregnant compared to non-pregnant rats 
suggesting that ATP release may be occurring during hypoxic episodes. 
Little attention has been paid to the potential effect of ATP during hypoxic 
/ischaemic preconditioning, and this is partly because extracellular ATP can be 
degraded by  specific nucleotidases (Cohen and Downey 2008). My results 
showed that blocking the P2X7 pathway abolished the ATP-induced preconditioning 
in term-pregnant rat uterus. It has been found recently, in cardiac myocyte, that 
blocking P2X7 receptors during repeated episodes of transient ischaemia 
significantly inhibited the protective effect of ischaemic preconditioning suggesting 
their vital roles for mediating the release of cardioprotectants during ischaemic 
insults (Vessey, Li et al. 2010). The mechanisms by which P2X7 receptor can 
increase contractility upon stimulation by ATP are well established in some cell 
types. In cultured astrocytes, ATP can increase the [Ca2+]i through calcium influx 
via P2X7 receptor and when this pathway was blocked by a selective antagonist for 
P2X7, the [Ca
2+]i was markedly decreased (Nobile, Monaldi et al. 2003).  In renal 
arterial smooth muscle cells, it has been demonstrated that ATP caused [Ca2+]i 
increase mainly via calcium influx and release from the SR (Inscho, Belott et al. 
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1996). I found in a preliminary study that ATP transiently caused uterine 
contractions in the absence of external calcium (with EGTA) but activity was 
eventually abolished suggesting calcium release from the SR and the importance 
of calcium influx to maintain the force throughout. I found also that the increase in 
force produced by the application of ATP was mirrored by a preceding transient 
increase in calcium transient suggesting an increase in [Ca2+]i either from inside or 
outside the cell.  
To summarize, ATP causes contraction of pregnant rat myometrium, 
predominantly via P2X7 receptors. Stimulation of these receptors which caused by 
ATP release from hypoxic cells, I suggest, contributes to the rebound increase in 
force seen during the transient repeated episodes of hypoxia during labour. 
                 
I found that blocking COX1 and COX2 pathways by indomethacin or 
Nimesulide can significantly abolish the effect of hypoxic preconditioning in term-
pregnant uterus compared to paired controls. It has been found, in COX-1 and 
COX-2 knockout mice that cardiac myocytes were unable to fully recover from the 
effect of ischaemia, compared to wild type, suggesting their roles in mediating the 
improvement of  contractility following ischaemic preconditioning (Camitta, Gabel 
et al. 2001). It has also been reported that inhibition of PG production by 
indomethacin can completely abolish the protective effect of ischaemic 
preconditioning in pigs myocardium (Gres, Schulz et al. 2002).  These studies 
suggest that PG biosynthesis is essential in mediating the increase of force during 
hypoxic preconditioning, in term-pregnant uterus, and its inhibition can prevent the 
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rebound increase in contractile activity following the repeated episodes of transient 
hypoxia.  
In the light of previous finding on the effect of purines nucleotides (such as 
adenosine and ATP)  on uterine contractions, and that blocking purines receptors 
can abolish the effect of hypoxic preconditioning, it seems reasonable to suggest 
important regulatory roles for these nucleotides in the biology of mammalian 
parturition.   
 
5.5.7     Are Chloride Channels (Cl-) Involved in Hypoxic 
Preconditioning?  
Another proposed mechanism which confers protection against hypoxic 
insults is the activation of Chloride channels (Cl-).  In smooth muscle,  activation of 
chloride (Cl-) currents by an increase in [Ca2+]i can lead to chloride efflux which 
causes membrane depolarization and, subsequent opening of VGCCs, resulting in 
calcium influx and muscle contraction (Large and Wang 1996).  It has been 
reported that, calcium-activated chloride currents (ICl(Ca)), play a pivotal role in 
agonist-induced contraction in both vascular and non-vascular smooth muscle 
cells. The ClCa channels are expressed in pregnant rat myometrium and stimulation 
by OT has been found to activate these channels (Arnaudeau, Lepretre et al. 1994; 
Jones, Shmygol et al. 2004). It has been shown, in pregnant rat myometrium, that 
blocking ClCa channels by NFA resulted in a significant inhibition and decrease of 
spontaneous and OT-induced contraction, respectively  (Adaikan and Adebiyi 
2005) suggesting an important role for these channels during labour. 
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 I found that, blocking ClCa channels with 5µM Niflumic acid (NFA) slightly 
decreased the force amplitude but did not abolish or affect the overall activity. 
Niflumic acid has been shown to affect Ca2+ channels and possibly, SOCCs (Noble 
et al. observation, Liverpool University, unpublished data), and thus care has to be 
taken with its use and interpretation of data.  Newer and more specific blockers of 
ClCa channels have been developed, based on the molecular identification of the 
channels. I found that, blocking ClCa can significantly prevent the rebound increase 
in contractile activity following the repeated transient episodes of hypoxia. It has 
been reported, in rat pulmonary arterial smooth muscles, that acute hypoxia can 
increase [Ca2+]i which opens ClCa channels resulting in a positive feedback on 
[Ca2+]i and blocking this channel with NFA inhibits pulmonary arterial smooth 
muscle contraction evoked by acute hypoxic insult (Yang, Zhang et al. 2006). In 
rabbit cardiac myocyte, blocking the Cl- channels resulted in an inhibition of cardiac 
protection, conferred by ischaemic preconditioning (Diaz, Losito et al. 1999), 
suggesting their essential role in mediating the effect during ischaemia. My data 
suggest that ClCa channels can be activated during hypoxia/ re-oxygenation 
periods which potentially help with augmenting and maintaining the increase in 
force during labour.   
 
5.5.8    Does Phospholipase-C (PLC) Contribute to the Augmentation 
of Uterine Activity during Hypoxic Preconditioning? 
 Phospholipase C (PLC), is activated when OT or adenosine bind to their 
receptors which are coupled to GPCRs, resulting in an increase of intracellular 
calcium and contraction.  It is hypothesised however, that PLC may contribute to 
the increase in uterine activity during hypoxic preconditioning.  My previous data 
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confirmed that the increase in contractile activity, following the transient repeated 
episodes of hypoxia, can occur under OT stimulation and, the effect was 
significantly larger, when OT was present, compared to spontaneous activity. As 
explained in the introduction of this chapter, OT can increase [Ca2+]i by causing 
depolarization and the calcium influx via VGCCs, and calcium release from the SR. 
So, these mechanisms may explain why OT produced more force during hypoxic 
preconditioning compared to spontaneous contractions. Moreover, because 
stimulation by OT occurs normally during labour, I examined the effect of blocking 
the downstream effector, induced by OT, in term-pregnant rat uterus. Hypoxia/ 
Ischaemia, is known to activate intracellular enzymes in many cells. It has been 
found that, during myocardial ischaemia and reperfusion, the activation of PLC was 
significantly increased (Schwertz and Halverson 1992; Anderson, Dart et al. 1994; 
Munakata, Stamm et al. 2002). It has been reported, that blocking PLC activation 
during ischaemia, by U73122, significantly impaired the myocardial recovery from 
ischaemia compared to control, possibly via activation of PKC (Munakata, Stamm 
et al. 2002). Based on my result along with the studies on cardiac myocyte, I 
postulate that activation of PLC occurs during transient hypoxic episodes, 
presumably, by the activation of OT or A1 receptors, which augments the 
contractile activity, during the repeated episodes of transient hypoxia which occur 
during labour. 
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5.6  Conclusion  
 In this chapter, I showed some of the important mechanisms which may be 
implicated in hypoxic preconditioning in a term-pregnant uterus. Throughout 
pregnancy, several changes occur in myometrium to ensure adequate contractions 
during labour despite the repeated transient hypoxic episodes accompanying the 
contractions. These mechanisms are regulated according to the gestational state 
of the uterus, to overcome the deleterious effects caused by hypoxic episodes 
during labour. During high K+ depolarization, hypoxic preconditioning only occurred 
in a term-pregnant and not in non-pregnant uterus. Moreover, calcium entry during 
the repeated transient hypoxic episodes was not necessary for the rebound 
increase of force during re-oxygenation periods, and, the small uterine activities 
that occur during hypoxic episodes were not required for the rebound increase in 
uterine activity during recovery periods.  In addition, the intracellular calcium 
transient is not associated with the increased uterine contractility during hypoxic 
preconditioning suggesting that an alteration in calcium sensitivity may be 
occurring. 
 Furthermore, myometrial receptors such as purinoceptors (adenosine and P2X7) 
are important in mediating the increase in contractile activity following the repeated 
episodes of transient hypoxia in a term-pregnant uterus, and their blocking can 
abolish the increase in force following hypoxic episodes. PG was necessary for the 
rebound increase in contractile activity to occur, in a term-pregnant uterus, since 
blocking the enzymes responsible for its biosynthesis can significantly block the 
increase in force, following the repeated episodes of transient hypoxia. 
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 In addition, ClCa channels and PLC can mediate the effect of hypoxic 
preconditioning as their blocking can abolish the effect in a term-pregnant uterus. 
These mechanisms are all known to have important roles in myometrium during 
labour and any defect in any of these mechanisms may compromise the normal 
labour.  
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Chapter 6  
                                 Final Discussion 
 
6.1  Overview of Thesis Results   
 
During this research, my ultimate aims were to study the effect of transient 
episodes of hypoxia on term-pregnant uterine contractility and to investigate some 
possible implicated mechanisms. Prior to my thesis, there were some studies that 
had investigated the effect of hypoxia on uterine contractility. Those studies had 
been usually carried out for one episode of hypoxia, and this was not the best 
physiological model for what happens during labour, as contractions would be 
repeated many times until the foetus and the placenta were expelled. In addition, 
my study is novel, as there has been no evidence for studies investigating the 
effect of transient and repeated episodes of hypoxia on the uterus such as those 
that would occur during multiple contractions in labour.  
During labour repeated episodes of decreased uterine blood flow and 
hypoxia are known to occur with uterine contractions (Greiss Jr 1965). An 
elucidation of the effect of these periods of hypoxia on uterine activity will increase 
our understanding of why some women may have strong and efficient uterine 
activity compared to others despite the deleterious effects brought on by hypoxia. 
In this thesis I have addressed my aims. Initially, I wanted to establish a robust 
protocol in vitro for the effect of repeated episodes of transient hypoxia on term-
pregnant uterine contractility. My finding clearly showed that repeated but transient 
episodes of hypoxia significantly increased the contractile activity in term-pregnant 
rats very close to or at labour. This response is similar to a phenomenon known as 
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“hypoxic preconditioning”. This increase in uterine activity was seen in almost all 
uteri from term-pregnant rats, and the rebound increase in force during re-
oxygenation was not transient and persisted for ~11hrs. Moreover, my experiments 
also showed that the gradual increase in force occurred following varying durations 
of hypoxic episodes (2mins - 10mins) but the effect was greatest with shortest 
hypoxic duration (2mins) and required the concentration of the O2 to be below 10% 
in the tissue bath. In addition, repeated episodes of transient hypoxia improved the 
uterine contractility after prolonged hypoxia. Findings from this study also 
demonstrated that the steady state of contractions (plateau) after hypoxia was 
inversely related to the duration of hypoxia.  
In order to determine if hypoxic preconditioning would occur in uteri from different 
gestations, I also examined the effect of repeated episodes of transient hypoxia on 
non-pregnant, 18-day pregnant and labouring rat uterine contractility. I found no 
increase in contractile activity with repeated and transient hypoxic episodes in non-
pregnant or 18-day pregnant rat uteri. However, in labouring rats, a significant 
increase in contractile activity was seen following repeated and transient hypoxic 
episodes. During spontaneous uterine activity, the labouring tissue was more 
resistant to the effect of hypoxia compared to term-pregnant tissue, and this may 
be due to increased reserves in myometrium at this time or differences in the 
expression of ion channels between term-pregnant and labouring tissues. 
Stimulation of the uterus by endogenous OT occurs during labour, and I found that 
when OT was present, in my experiments, the response of both term-pregnant and 
labouring uterine tissues to transient hypoxic episodes was significantly greater 
compared to spontaneous activity. However, the increase of force with repeated 
hypoxic insults significantly occur when OTRs were blocked with Atosiban. This 
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suggests that OT can add more force during re-oxygenation periods possibly by 
causing calcium release from the SR and increase calcium sensitization via 
activation of ROK pathway as well as calcium influx.  Although repeated episodes 
of transient hypoxia resulted in significant increase in contractile activity in both 
term-pregnant and labouring rat uteri, statistical analysis revealed that the term-
pregnant uterus responded with greater force compared to the labouring uterus. 
This may be because the labouring uterus had already started forceful and 
frequent contractions and the uterus had already experienced in vivo repeated 
episodes of hypoxia by the time the first pup was delivered.  Interestingly, the 
rebound increase in contractile activity was clearly and significantly seen in 
labouring human uterine samples after the first hypoxic episode and was not seen 
in non-labouring human samples after the first or second episodes of hypoxia. 
These finding were consistent with my previous findings in rat uteri where no 
increase in contractile activity was seen with repeated episodes of transient 
hypoxia in the 18-day pregnant rat uterus, making this a novel area for research to 
explore the difference in gene expression between labouring and non-labouring 
uterine samples. Possible mechanisms by which uterine contractile activity 
increased with repeated hypoxic episodes were investigated. As a start, from 
searching the literature regarding hypoxic preconditioning and mechanisms by 
which protection was conferred, I drew up strategies and protocols to investigate 
the most likely of these mechanisms in the uterus.  It is known that calcium is the 
key regulator for myometrial contraction, so investigation into the effect of repeated 
episodes of transient hypoxia on intracellular calcium transient was conducted. 
During hypoxia the [Ca2+]i is significantly increased and this could be due to the 
impairment to calcium extrusion mechanisms or inability of mitochondria to handle 
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the calcium. The [Ca2+]i returned to its normal baseline during re-oxygenation 
periods although no rebound increase in calcium transient was found as occurred 
with the force. This can suggest improved sensitization of myofilaments to calcium. 
It seems that calcium entry during transient hypoxic episodes was not necessary 
for hypoxic preconditioning to occur, suggesting a mechanism independent to 
calcium influx during hypoxia, which results in a rebound increase in uterine 
activity.  I found that force fell rapidly in depolarized uterine tissues while elevated 
[Ca2+]i was maintained. Thus other mechanisms leading to dissociation between 
calcium and force are postulated to occur. Interestingly, repeated episodes of 
transient hypoxia on depolarized myometrium significantly increased tolerance and 
decreased the fall of force during subsequent hypoxia and the [Ca2+]i was gradually 
and significantly decreased during subsequent hypoxic episodes. This finding 
could indicate that hypoxia is an unwanted stressor to the tissue, and the increase 
in [Ca2+]i that accompanies it can be harmful. It further indicates that there must be 
a mechanism that regulates the elevation in [Ca2+]i during repeated hypoxic 
episodes; otherwise, tissue may not survive if [Ca2+]i is still increasing during 
subsequent repeated episodes of hypoxia. Interestingly, the effect was not seen on 
depolarized uterine tissue from non-pregnant rats, and this is consistent with my 
previous finding on spontaneous and OT-induced contractility. Hypoxic 
preconditioning is an adaptive response that should overcome the deleterious 
effects of repeated hypoxic insults during repeated uterine contraction, and this 
occurs only very close to or during labour. The fact that hypoxic preconditioning 
was not found in non-pregnant or 18-day pregnant tissues can possibly be 
explained by the lack of vigorous activities or efforts at these stages of gestation, 
unlike that which occurs during labour.   
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Acidification is associated with hypoxia and repeated episodes of extracellular 
acidification can partly precondition the term-pregnant uterus.  It is known that 
hypoxia causes cellular acidification, and it can be postulated that the rebound 
increase in force with hypoxic episodes is due, in part, to cellular acidosis caused 
by hypoxic episodes. I found that external acidification transiently abolished [Ca2+]i 
and then increased its baseline throughout the remainder of acidification. However, 
calcium transiently increased with force when normal pH returned and then 
returned to normal baseline as before the acidification. This finding was similar to 
what I have found during hypoxic episodes and [Ca2+]i. Therefore, transient 
acidification may be a mechanism that improves uterine contractility induced by 
hypoxic preconditioning. Thus, a reduction in myometrial pH that occurs with 
hypoxia may play a role as a trigger for the increase in contractile activity following 
hypoxic episodes.  Alkalinization, to the contrary, did not lead to the increase in 
force as acidification did. The force following repeated hypoxic episodes was 
significantly greater compared to the force following repeated acidifications, and 
this strongly indicates that hypoxia initiates other mechanisms involved in hypoxic 
preconditioning in addition to acidosis. 
The effect of transient hypoxic episodes on term-pregnant uterine activity was 
profound when it combined with no-flow suggesting triggers to be released during 
hypoxia and act on the hypoxic myometrium to further improve the contractility, 
and that ischaemia adds a more powerful stimulus than hypoxia alone, which in 
turn is more powerful than acidification. My work identified some important 
receptors responsible for the rebound increase of force during hypoxic 
preconditioning in term-pregnant uterus. Adenosine is a major molecule that is 
formed during hypoxic episodes as a result of ATP hydrolysis (figure 1-4, Chapter 
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1). I found that blocking A1 receptors inhibited the increase in uterine activity with 
transient hypoxic episodes, suggesting the implication of extracellular adenosine in 
hypoxic preconditioning. Extracellular adenosine has been found to significantly 
increase the uterine activity in humans (Tsai, Chiang et al. 1996) and guinea-pigs 
(Schiemann, Westfall et al. 1991) via activation of A1 receptors on myometrial 
membrane. My data suggest that during the transient hypoxic episodes, adenosine 
can be released and binds to its receptor on myometrial membrane and initiates a 
signalling cascade leading to forceful contraction upon re-oxygenation. 
 The applications of transient ATP agonist could mimic the effect of hypoxic 
preconditioning in the term-pregnant uterus and blocking P2X7 significantly inhibited 
the increase in force induced by ATP. The ATP agonist increased the uterine 
activity more in term-pregnant tissue than in non-pregnant tissue, which may be 
due to increased ATP receptors associated with pregnancy.  Previous works 
support this notion by showing a significant increase in P2X7 and P2X4 receptor 
expression in term-pregnant rat myometrium compared to early pregnancy (Urabe, 
Miyoshi et al. 2009; Miyoshi, Yamaoka et al. 2010).  
Hypoxic preconditioning following repeated transient episodes of hypoxia has not 
been addressed in smooth muscle as much as it has been in cardiac tissue. To 
examine whether the increased contractile activity during hypoxic preconditioning 
involved prostaglandin (PG), its precursor enzymes (COX1 and COX-2) were 
blocked during hypoxic preconditioning manoeuvre. The effect conferred by 
transient hypoxic episodes was completely abrogated suggesting that hypoxia may 
stimulate PG biosynthesis to increase and maintain the strong contractions. 
Preliminary data also indicates that PG may be needed during ATP-induced 
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uterine contraction. The proposed mechanisms which may be involved during 
hypoxic preconditioning in a term-pregnant uterus are summarized below. 
During pregnancy, there are some biochemical and metabolic changes that can 
occur in the myometrium. The expression of potassium channels which dampen 
the membrane excitability is reported to decrease significantly at late pregnancy 
compared to early pregnancy or in a non-pregnant myometrium (Khan, Smith et al. 
1997; Khan, Matharoo-Ball et al. 2001; Mazzone, Kaiser et al. 2002). In addition, 
the concentration of intracellular ATP and PCr has been shown to increase in 
pregnant rat myometrium compared to no-pregnant myometrium (Dawson and 
Wray 1985). Moreover, the level of LDH enzyme has been reported to increase 
dramatically in myometrium near term (Battellino, Sabulsky et al. 1971) to provide 
the uterus with energy during the periods of hypoxic episodes during labour. 
Furthermore, it has been demonstrated that the content of stored glycogen is 
significantly higher in pregnant myometrium than in non-pregnant myometrium 
(Chew and Rinard 1979; Milwidsky and Gutman 1983). All these changes that 
occur during pregnancy are to ensure adequate uterine contractions at term and 
may also contribute to hypoxic preconditioning during labour contractions. An 
illustration of biochemical and metabolic changes that may occur during pregnancy 
is depicted in figure 6-1 below. 
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Figure 6-1: Diagram to illustrate the biochemical and metabolic changes that occur 
in the myometrium during pregnancy. 
During pregnancy, there are some biochemical and metabolic changes that occur to 
ensure adequate uterine contractions at term. The concentrations of ATP, PCr, LDH, and 
the content of stored glycogen are increased, whereas the expression of potassium 
channels is decreased. These changes may contribute to the increase in uterine activity 
leading to hypoxic preconditioning during labour. 
 
 
 
Proposed Mechanisms for the Increased Uterine Contractility, with Repetitive 
Transient Hypoxic Episodes, in a Term-Pregnant Uterus  
Hypoxia can deplete the intracellular ATP resulting in a formation of adenosine. 
Adenosine is transported outside the cell via nucleoside transporters or ATP can 
be degraded outside the cell resulting in an accumulation of extracellular 
adenosine (figure 1-4, Chapter 1). Adenosine then binds to its receptor A1 which is 
coupled to GPCRs and results in activation of PLC which promotes the hydrolysis 
of PIP2 and the generation of IP3 and DAG which causes calcium release from the 
SR and phosphorylation of contractile proteins, respectively. This can increase the 
358 
 
uterine activity either during hypoxic episodes or during the early recovery. In 
addition, OTRs are also coupled to GPCRs, and their activation by OT, during 
labour leads to PLC activation and subsequent increase in [Ca2+]i. Stimulation of 
GPCRs can also depolarize the myometrial membrane resulting in calcium influx 
and augmentation of contraction. Myometrial A1 adenosine receptors are coupled 
to Gi proteins which can inhibit the adenylyl cyclase activity and maintain the 
contractions (Schiemann, Westfall et al. 1991). Arachidonic acids (AA) can be 
cleaved and released from the membrane phospholipids by the activation of PLA2 
(Bae, Peters-Golden et al. 1999; Lambert, Pedersen et al. 2006), resulting in a 
production of PGs, facilitated by cyclooxygenases. Moreover, elevated [Ca2+]i can 
also activate PLA2 thereby, providing a potential source of AA for PG production 
(Morrison, Dearn et al. 1996). OT can mobilise the AA from the membrane 
phospholipids in myometrium and decidua  for PG biosynthesis by the activation of 
PLC and DAG (Schrey, Read et al. 1986). 
Acidosis is a major component of hypoxia/ ischaemia, and it has been 
reported that ischaemic preconditioning decreased the acidosis during the 
repeated ischaemic episodes possibly, due to the production of  small quantities of 
glycolytic products such as proton and lactate which may account for the beneficial 
effect during preconditioning (Asimakis, Inners-McBride et al. 1992; Steenbergen, 
Perlman et al. 1993). This could restore cellular function and preserves more ATP 
during preconditioning (Murry, Richard et al. 1990; Lundmark, Trueblood et al. 
1999). A flow chart summarizing the involved mechanisms during hypoxic 
preconditioning in a term-pregnant uterus is depicted in figure 6-2 below. 
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Figure 6-2: A scheme for the proposed mechanisms involved in the increased 
uterine activity during hypoxic preconditioning in a term-pregnant uterus.  
During hypoxia, ATP degraded inside or outside the cell resulting in a production of 
Adenosine nucleoside. Intracellular Adenosine can cross the cell membrane via the 
nucleoside transporter which then binds to A1 receptors. During labour, stimulation of 
myometrium by OT occurs. Both A1 and OTRs are coupled to GPCRs, which activate 
PLC, resulting in a formation of two second messengers; IP3 and DAG leading to calcium 
release and phosphorylation of contractile protein, respectively. This will lead to uterine 
contraction.  A1 receptors are coupled to Gi proteins, which can inhibit Adenylyl cyclase 
activity and decrease cAMP, thereby maintaining the uterine activity. Activation of GPCRs 
can also depolarize the cell membrane resulting in a calcium influx via VGCCs leading to 
uterine contraction.  During transient hypoxia, ATP can be released via connexin 
hemichannels and binds directly to its receptor (P2X7). This is a ligand gated ion channel 
allowing the influx of cations such as Ca2+ resulting in a calcium influx and increasing the 
contractions. However, both intracellular calcium and P2X activation are able to activate 
PLA2a which mobilises the arachidonic acids (AA) from the membrane phospholipids and, 
in the presence of COX, can produce a range of prostaglandins (PGs) which, eventually, 
increases the uterine activity.  Activation of PLC can also mobilise AA and produce PG. 
Brief hypoxic episodes lead to brief acidosis which can improve the fall of pH and 
eventually improve the uterine activity. 
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6.2  Physiological Significance and Clinical Translation   
It is well-documented that contractions of the uterus are associated with a 
decrease in uterine blood flow resulting in ischaemia and/or hypoxia to the uterus 
(Greiss Jr 1965).  Hypoxia, defined as inadequate oxygen supply to the tissue 
when the demand becomes greater than the supply is a common transient event 
occurring in the uterus during labour.  In the non-pregnant state and during early 
pregnancy, the uterus is relatively quiescent. However, as term approaches the 
uterus becomes a very contractile organ capable of producing strong frequent 
contractions until the expulsion of the foetus. This is the time where the uterus is 
vulnerable to periods of transient repeated hypoxia and re-oxygenation. The 
healthy foetus can tolerate this well. Initial hypoxia can decrease uterine 
contractility and inhibit further force production. However, repeated episodes of 
transient hypoxia such as those occurring during labour may result in a 
phenomenon known as “hypoxic preconditioning”; hence the contractile activity 
during the subsequent transient hypoxic episodes and during recovery periods 
may increase gradually and progressively in some uteri. Uterine contractions have 
been found to decrease the uterine blood flow and result in foetal hypoxia 
(Peebles, Spencer et al. 1994; McNamara and Johnson 1995; Simpson and James 
2008). In a study that recruited 1,433 women, it was found that strong uterine 
activity during the late first stage of labour were significantly associated with 
newborn acidemia (Bakker, Kurver et al. 2007).  It was also surprising that uterine 
contractions from women associated with foetal distress produced a larger force 
than in women undergoing labour without foetal distress, as these would produce 
the most hypoxia/ischaemia and more inhibition on force and calcium signalling 
(Quenby, Matthew et al. 2011). While these studies with increase uterine activity fit 
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with the suggestion of greater occlusions of uterine blood vessels and more 
hypoxic episodes, uterine activity never decreased by hypoxic episodes but 
instead became potentiated.  Moreover, the results in these former studies clearly 
indicate that hypoxic preconditioning may be a part of the normal physiological 
process during labour, which enables strong uterine contractions in the face of 
deleterious effects of hypoxia, but the uteri of some women may respond 
differently to hypoxic episodes than others.  Thus, in some uteri, the response is 
exaggerated and profound, compared to normal labour and this could affect foetal 
oxygenation. This could be due to different factors that occur among women 
including the sensitivity of some uteri to some agonists such as OT and PG, the 
difference in the expression of ions channels and receptors in myometrium among 
women and the length of the entire labour. Results from this study also showed 
that hypoxic preconditioning was profound when OT was present compared to 
spontaneous activity and this could add more hypoxia and greater uterine activity, 
which may lead to more hypoxia to the foetus as clinically the doses of OT infusion 
can be increased resulting in profound uterine activity. Clinical evidence suggests 
that if strong uterine activity occurs as those taking place during hypoxic 
preconditioning, which seem to affect the foetal heart rate (FHR), initiation of lateral 
maternal repositioning should be encouraged and a temporary discontinuation of 
OT infusion may be performed until uterine activity returns to normal (Simpson and 
James 2008). However, if the mechanisms leading to the increased uterine activity 
during the transient hypoxic episodes are inadequate, then labours may be slow to 
progress i.e. dysfunctional labour. 
 Human results from this study showed that all labouring samples showed a 
significant increase in uterine activity after the first hypoxic episodes, whereas no 
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increase in force was seen after the first and second transient hypoxia in non-
labouring women, suggesting some differences in gene expressions and ion 
channels that only increase during labour.  My data suggested that many receptors 
and agonists (such as P2X7, A1, PGs, OT, and chloride channels, etc.) are 
integrated during labour to contribute to forceful uterine activity for successful 
labour and it is known that receptor expressions for these agonists increased 
throughout pregnancy to prepare the uterus for forceful activity (Fuchs Fuchs, 
Husslein et al. 1984; Schiemann, Westfall et al. 1991; Tsuboi, Sugimoto et al. 
2000; Mitchell and Taggart 2009; Urabe, Miyoshi et al. 2009). Mitchell et al have 
proposed that human labour might arise from concomitant maturation of many 
physiological systems; termed “modular accumulation of physiological system”. 
They concluded that parturition is preceded by a decrease in progesterone level in 
animals and is associated with invasion of proinflammatory cytokines into the 
myometrium and cervix to induce inflammation (Mitchell and Taggart 2009). It has 
been found that infusion of cytokines such as IL-1α to mice could induce labour 
(Romero, Mazor et al. 1991). Periods of hypoxia/re-oxygenations can activate the 
leukocytes invasion into the cell (Korthuis, Grisham et al. 1988; Welbourn, 
Goldman et al. 1991). Therefore, all these changes that occur in myometrium near 
term and during the repeated transient hypoxic episodes could help augmenting 
the uterine activity and can be parts of mechanisms responsible for hypoxic 
preconditioning.  
In summary, the results of this study have shown that initial transient 
hypoxia can decrease the uterine activity, but when the effect was repeated and 
separated by periods of recoveries, as those taking place during labour, hypoxic 
preconditioning could occur resulting in an increase in contractile activity. This 
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response occurs only in uteri very close to or at labour. Knowledge of this is of 
importance to clinicians and midwives, as caution should be taken to monitor the 
progression of labour especially if uterotonics are to be administered, as this would 
cause strong contractions and further hypoxia to the uterus and foetus. Differences 
in uterine contractility during hypoxic preconditioning among women may have 
important clinical implications for discovery of new agents to deal with foetal 
distress based on tocolytic therapy.  The mechanisms I found that contributed to 
the increase in force during hypoxic preconditioning can open a new area for 
researchers and clinicians. They could inhibit these factors if the response to 
transient hypoxic episodes becomes exaggerated before foetal distress occurs, 
and the methods could also be used to help with poor progress in labour to 
stimulate uterine contractions. 
 
6.3   Future Direction 
These novel findings from my thesis have opened many potential areas for 
continuation of the work.    
The findings that the increase in force following repeated brief hypoxic 
episodes is rapid in action indicate that it does not involve gene expression as this 
needs many hours and sometime days. The finding that no calcium entry was 
needed during hypoxic preconditioning can be further examined by investigating 
the involvement of L-type calcium channels during hypoxic preconditioning by 
using nifidipine or verapamil simultaneous with the effect of repeated episodes of 
transient hypoxia.  
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The findings that pregnant uterine tissue may release some agents during hypoxia 
such as adenosine or ATP or lactate can be further investigated by collecting the 
solution surrounding the  tissue before, during and after hypoxia and analysing it 
using NMR, HPLC or mass spectroscopy to identify and quantify the substances 
present in these solutions in different periods.  In addition, these solutions, which 
were taken from the bath surrounding the tissue, can be tested on new uterine 
strips to see if they could cause any contractions.  
The finding that blocking the adenosine receptors can be further verified by using 
techniques such as western blotting and specific antibodies for both A1 and A2 
adenosine receptors in non-pregnant, 18-day pregnant, labouring and non-
labouring pregnant rats and humans to elucidate the type of adenosine receptors 
in different gestations. It would be, also, interesting to test specific adenosine A1 
agonists on both term-pregnant and non-pregnant uterine contractility and to test 
them, also, on hypoxic uteri as well.   
Activation of bradykinin receptors (B2) by the released bradykinin during 
ischaemia, has been implicated to play a significant role during ischaemic 
preconditioning in cardiac myocytes (Brew, Mitchell et al. 1995; Xi, Das et al. 
2008).  It has been also established that bradykinin causes myometrial contraction 
via binding to B2 receptors which are coupled to GPCRs in rat myometrium through 
the same signalling pathway as OT (Wassdal, Nicolaysen et al. 1998). So, it will be 
interesting to block myometrial B2 receptors using a specific antagonist (HOE 140) 
to establish their role during hypoxic preconditioning in a pregnant uterus. 
Moreover, as P2X7 and P2X4 receptor expressions have been found to increase 
dramatically in rat myometrium very close to term (Urabe, Miyoshi et al. 2009), 
further investigation using western blotting to detect these receptors in non-
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pregnant, labouring, and non-labouring rat and human myometrium would further 
increase our understanding of their implications in hypoxic preconditioning and 
labour. 
The fact that hypoxic preconditioning is found only in term-pregnant or labouring 
tissues could be due to increased expression of gap-junctions in myometrium in 
these tissues compared to non-pregnant or 18-day pregnant myometria.  It has 
been shown that connexin-43 was strongly implicated in hypoxic preconditioning 
(Lin, Lou et al. 2008), and it would be interesting to establish the effect of repeated 
episodes of transient hypoxia when gap-junctions were blocked by a specific 
antagonist such as Lindane.  The finding that the increase in contractile activity 
was significantly found in labouring human myometrium and not in non-labouring 
myometrium, can be further carried out by increasing the sample size and testing 
more labouring samples for more repeated hypoxic episodes. 
To confirm if extracellular acidosis is transmitted into the myometrium and affects 
the intracellular pH, the pH-sensitive indicator carboxy-SNARF can be used. In 
addition, it would be interesting to use this indicator while transient hypoxic 
episodes are applied on myometrium to observe changes in intracellular pH during 
hypoxia and re-oxygenations. This will increase our knowledge if acidosis improves 
with preconditioning.  
 As we know that glucose is the principal energy substrate for the pregnant uterus 
and that the glycogen contents are larger in the pregnant uterus compared to the 
non-pregnant, it would be interesting to block the glycolysis in the term-pregnant 
uterus using iodoacetate while transient hypoxic episodes are applied. This would 
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increase our understanding if stored glycogen in term-pregnant tissues adds more 
force during hypoxic preconditioning compared to paired controls. 
The finding that the effect of hypoxic preconditioning is larger when OT is present 
compared to spontaneous activity could be further investigated by blocking rhoA 
associated kinases which are normally activated by OT. Hypoxic preconditioning 
was found to stimulate the activity of PKC and enhance KATP channel activity in 
many tissues. Thus, it is interesting to examine the effect of repeated transient 
opening of KATP channels on the term-pregnant uterus or blocking PKC during 
hypoxic preconditioning manoeuvres to establish if they are involved in the 
mechanism. In addition, KATP channel expressions can be detected using 
molecular techniques such as immunohistochemistry or western blotting before 
and after hypoxia episodes to observe any change during hypoxic preconditioning.   
Some uteri are very sensitive to uterotonics than others as they may response to 
OT hyperstimulation with greater and abnormal uterine activity with shorter 
relaxation time between contractions (Bakker, Kurver et al. 2007; Simpson and 
James 2008). It would be interesting to see if the contractile activity increases 
gradually after the repeated transient hypoxic episodes in these types of uteri. 
In my data, I found that human uterus behaved the same as in rats and the effect I 
found after the repeated hypoxic episodes was similar in both species; i.e. the 
response was seen in labouring tissue and not in non-labouring. So, in terms of 
contractility, the rat can be used as a model for human labour to investigate the 
hypoxic preconditioning although rat uterus contracts more frequent than in 
humans. It would be interesting also to examine the effect of transient hypoxic 
episodes on other animal model such as the guinea pig as it has been suggested 
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that parturition in guinea pig is very close to the parturition in humans (Mitchell and 
Taggart 2009). 
During initial re-oxygenation or reperfusion, there is a transient increase in reactive 
oxygen species (ROS) (Stoner, Clanton et al. 2007). It has been shown that 
generation of ROS during reperfusion was important to confer protection during 
hypoxic/ischaemic preconditioning in cardiac myocytes (Hoek, Becker et al. 1998; 
Lebuffe, Schumacker et al. 2003). It has been found that superoxide anions 
significantly increased the spontaneous activity in human myometrium (Bugg, 
Crocker et al. 2006). So, these data may suggest that during the early re-
oxygenation periods the generation of ROS may help augmenting the myometrial 
activity in a term-pregnant uterus resulting in hypoxic preconditioning. It has been 
shown that spontaneous labour is associated with a massive invasion of 
leukocytes into both human and rat decidua and myometrium (Thomson, Telfer et 
al. 1999; Hamilton, Oomomian et al. 2011). Of these are macrophages and 
neutrophils. Neutrophils are a potent source for ROS such as superoxide anion 
(Tsujimoto, Yokota et al. 1986; Frangogiannis, Smith et al. 2002). So, the 
production of ROS at term from neutrophils may further increase the uterine 
activity during the repeated transient episodes of hypoxia and during re-
oxygenation periods. It would be interesting then to examine in the future the effect 
of repeated application of ROS on uterine strips obtained from different gestations 
and to use inhibitors for ROS generation during the repetitive transient hypoxic 
episodes on a term-pregnant rat uterus to investigate if ROS generation are 
important during hypoxic preconditioning. 
The mechanisms I have addressed in my thesis could be further investigated in 
future by the use of knockout mice to provide further elucidation if these 
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mechanisms are vital for preconditioning and to investigate if labour occurs while 
some mechanisms are knocked out. 
Although all experiments I have performed were in vitro, it would be interesting to 
carry out in vivo experiments on the effect of repeated transient hypoxia /ischaemia 
on uterine contractility in term-pregnant animals to make the story more relevant to 
actual labour. 
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Research Summary  
 
 
Aims & purpose of proposed investigation 
 
The aim of this work is to investigate the effect of hypoxia on uterine contractility. In particular, the effect of 
transient repeated episodes of hypoxia would be investigated to see if this could improve the contractions 
of uterus after some time. 
The research will involve using small uterine biopsies from women undergoing elective and emergency 
Ca  ar an   ction (CS). Th    can b  obtain d from th  m om trial ti  u  ban  at Liv rpool Wom n’  
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look at the contraction of the human uterine preparations and investigate the effect of repeated transient 
hypoxic episodes on uterine activity and observe the response during and after re-oxygenation periods. 
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Background of  the project 
 
Fetal distress due to hypoxia complicates about 1% of labours and leads to death in about 0.5 in 
1000 labours and cerebral palsy (CP) in 1 in 1000 labours. Although it is important clinically, their 
exact causes are still unclear. In recent years, the number of fetal death during labour (intrapartum 
death) has shown no improvement. In the UK more than 22% of all Caesarean sections (CS) are 
performed due to presumed fetal compromise, e.g. fetal distress .Therefore, there is a need to 
understand more about the molecular mechanisms resulting in it and developing protocols and 
strategies to prevent it in future. 
 
Myometrial activity, blood flow and fetal distress 
In normal pregnancy the fetus receives the oxygen from the maternal blood through the placenta. 
During labour when the uterus contracts forcefully its blood flow decreases as a result of blood 
vessels occlusion; and this can result in hypoxia and ischemia within the contracting uterus. In 
addition, several studies have reported that uterine contractions are strongly associated with a 
decrease in uterine blood flow.  
Furthermore, with each uterine contraction there are changes in uterine pH an [ATP] as a result of 
uterine blood vessel occlusion and this may lead to a decrease in placental and fetal oxygenation. 
Further to that, near-infra red studies showed that there is a decrease in cerebral oxygenation 
during uterine contractions indicating that these contractions must be intermittent in order to 
avoid fetal death as a result of continuous strong contractions. Moreover, adequate blood supply 
and metabolic reserve should be maintained in the uterus during labour and if they change during 
uterine contractions the fetus may become distressed during labour.  
The concentration of ATP has been found to fall in the contracting rat uterus when oxidative 
metabolism is inhibited and this may account for the decrease in uterine contractions when its 
blood supply is occluded. When either hypoxia or acidification occurs during uterine contractions 
in vitro, the strength of these contractions is decreased or sometimes is abolished in spontaneous 
or agonist-induced myometrium.  
So, if hypoxia causes the same effects in vivo by decreasing the uterine contractions, then one can 
expect that it has an important role in weak uterine contraction during labour; or dystocia. When it 
occurs during labour, the baby may be delivered by emergency Caesarean section.  
Currently, the operative management by Caesarean section is the common intervention for fetal 
distress. There is a limit d  ucc    to  top th  ut rin  contraction  b  tocol tic drug   uch a  β2 
  mpathomim tic  or MgSO₄ to improv  ut rin  blood flow and f tal ox g nation. How v r, th  
policy of operative delivery needs to be evaluated versus allowing uterine recovery. So, we need to 
consider the relation of uterine activity to fetal distress and to test the hypothesis that repetitive 
but transient hypoxic episodes might augment uterine contractions rather than decreasing them. 
 
Hypoxic tolerance/ Ischemic preconditioning 
Previous studies have reported that uterine contractility and calcium signalling decrease when 
ischemia/ hypoxia occurs which suggested that this changes feedback may aid uterine relaxation 
and inhibit further contractions. It has been shown in the lab (data are not published) that uterine 
contractions were so large in labours associated with fetal distress than normal labours as this 
would further occlude uterine artery and produce more hypoxia and subsequently inhibit 
contractions and calcium signalling. However, some studies investigated the effects of pH changes 
and blood flow on uterine contractions for tens of minutes and just for one episode of hypoxia. 
While it produced clear effects on uterine contractions, however, it is not the best physiological 
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model for what happens normally during labour. In addition, in normal labour the hypoxic 
episodes will be repeated many times with every uterine contraction. So, the effects of repetitive 
but transient episodes of hypoxia on uterine contractions have not previously been tested before. 
The reason for considering brief episodes of hypoxia is that they might produce positive or 
protective effects on the uterus. For instance, studies in the heart have showed that repetitive 
brief episodes of hypoxia result in protection and preservation of muscle contractility and 
decreased the infarct size compared to prolonged hypoxia alone. 
Hypoxic tolerance or ischemic preconditioning is defined as a transient, non-damaging ischemia or 
hypoxia/reperfusion or reoxygenation episodes that render a tissue more resistant to any 
deleterious effects of subsequent prolonged period of hypoxia or ischemia through endogenous 
cellular mechanisms. Many studies have reported ischemic preconditioning or hypoxic tolerance in 
many different tissues including some smooth muscles. However, there is a need to investigate if 
this response is also operating in uterine smooth muscle as no study has investigated this before. 
 
 
 
Plan of Investigation & Methodology 
 
Small uterine strip (2×10mm) will be dissected from human biopsy and mounted in organ bath 
system for hypoxic experiments. To test the effects of repetitive episodes of hypoxia on uterine 
contractility and to decide which protocol leads to tolerance and improves uterine function during 
hypoxia, we will be using the organ bath superfused with physiological saline solution and bubbled 
with 100% O₂. Ut rin  biop i   will b  mount d and imm r  d into th   olution and l ft for up to 
two hours to equilibrate and produce regular and stable contractions. The superfusion will then be 
switched to solutions pre-ga   d with N₂ which induc   h poxia to th  ti  u  plu  r placing N2 gas 
for O2 for t n minut   follow d b  thirt  minut   normoxia (normal O₂). Thi  protocol i. . 
control/hypoxia will continue for up to many episodes (if possible). These experiments will 
investigate the early effects of preconditioning which is the most potent. Furthermore, I will also 
obtain some myometrial biopsies from a group of women suffering fetal distress in labour and 
another group of women labouring normally (due to previous CS or breech baby) and I will 
compare the response of myometrium to repetitive hypoxic episode in both groups, i.e. is the 
response present in women not labouring and having an elective CS?  
 
 
 
 
 
Information of the expected value of the research to society 
 
It is hoped that I will find out which protocol of repetitive hypoxia would produce hypoxic 
tolerance. This study will also help us to know if repeated episodes of hypoxia differ from 
prolonged hypoxia. This study will improve our understanding of how fetal distresses through 
strong repeated uterine contractions occur and how to prevent it in future. It is hoped that new 
tocolytics can be developed if we know the mechanism that cause this.  
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Consent Packs for MRTB 
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Collection and Storage of Tissue from 
Caesarean Section 
 
 
Consent to storage and use of 
myometrial tissue for research 
 
 
Dr Siobhan Quenby 
University of Liverpool 
Liverpool Women’s Hospital 
Foundation Trust 
Liverpool 
L8 7SS 
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